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Organic and polymeric materials can exhibit electric-field-induced electrical 
conductivity switching behavior and resistor-type electronic memory effects. The 
field-induced electrical bistability, together with the low-cost potential, light weight, 
mechanical flexibility, and the most important of all, tunable electronic properties via 
molecular design, make organic and polymer materials promising alternatives or 
supplements to inorganic semiconductors in data storage technologies. In this work, a 
series of polymers and polymer composite materials were explored for electronic 
memory applications. The focus of this work is concentrated on studying the electrical 
properties and the underlying switching and conduction mechanisms of the 
electroactive polymers and nanocomposites. 
Conjugated fluorene copolymers of poly(2,6-diphenyl-4-((9-ethyl)-9H-carbazole)-py- 
ridinyl-alt-2,7-(9,9-didodecyl)-9H-fluorenyl) (PFPCz), poly(2,6-diphenyl-4-tripheny- 
lamine-pyridinyl-alt-2,7-(9,9-didodecyl)-9H-fluorenyl) (PFPTPA), and poly(2,6-diph- 
enyl-4-pyrene-pyridinyl-alt-2,7-(9,9-didodecyl)-9H-fluorenyl) (PFPPy) (structures 
shown in Figure 3.3, 3.4 and 3.5, respectively) were first synthesized via Suzuki 
coupling polymerization reaction. The electrical behavior of these polymers was 
found to be dependant on the molecular structure of the macromolecules. Both 
write-once read-many-times (WORM) memory effects (PFPCz and PFPTPA) and 
insulator (PFPPy) behavior are demonstrated in the current density-voltage (J-V) 
characteristics of the devices with aluminium (Al)/polymer/indium-tin oxide (ITO) 
viii 
sandwich structure. The electrical conductivity switching behavior of these fluorene 
polymers is ascribed to electric field-induced conformational ordering and/or charge 
transfer (CT) interaction of the polymer film in the devices. 
To achieve a higher ON/OFF state current ratio and thus a lower misreading rate of 
the polymer electronic memories, two non-conjugated imide polymers, 
poly(2,6-diphenyl-4-((9-ethyl)-9H-carbazole)-pyridinyl-alt-hexafluoroisopropylidene
diphthal-imide) or PCz6FDA, and poly(2,6-diphenyl-4-napathalene)-pyridinyl-alt-he- 
xafluoroisopropylidenediphthal-imide) or PNa6FDA (structures shown in Figure 4.2 
and 4.3, respectively), were synthesized via a two-step polymerization reaction, 
involving a ring-opening poly-addition reaction and the subsequent chemical 
imidization reaction. The incorporation of a stronger electron withdrawing group (as 
compared to the pyridine electron acceptor), hexafluoroisopropylidenediphthalimide 
(or 6FDA), can significantly enhance the field-induced CT characteristics of the imide 
polymers. The Al/PCz6FDA/ITO device exhibits electrical bistability and WORM 
memory effects with an ON/OFF state current ratio of 10
5
, while the PNa6FDA 
device behaves as an electrical insulator. The electrical bistability of PCz6FDA device 
is well maintained at elevated temperatures and thermally stable electronic memory 
device is thus demonstrated. The bistable switching behavior of PCz6FDA is 
attributed to intra-molecular CT interaction under an electric field, while the lack of 
electrical bistability in PFPPy and PNa6FDA are ascribed to the absence of effective 
electron donating species in the pendant groups. 
ix 
Capitalizing on the charge trapping ability of azobenzene chromophores, electrical 
bistability with enhanced ON/OFF state current ratios in excess of ~ 10
5 
were 
demonstrated in two donor-trap-acceptor (D-T-A) structure carbazole-azobenzene 
polymers. Synthesized via a post azo-coupling reaction, poly(3-(4-nitrophenyl)-diaze- 
nyl-9-vinylcarbazole-alt-9-vinylcarbazole) (PVK-AZO-NO2), and poly(3-(3,4-dicya- 
nophenyl)-diazenyl-9-vinylcarbazole-alt-9-vinylcarbazole) (PVK-AZO-2CN) 
(structures shown in Figure 5.3) possess pendant electron D-A pair 
(carbazole-nitro/cyano) and charge trapping center (azobenzene) at the same time, 
allowing effective stabilizing of the intra-molecular CT state, and leading to WORM 
memory effects with low switching voltages and high ON/OFF state current ratios. 
In addition to molecular design and organic chemistry, the electronic properties of 
polymers can also be controlled by forming composites with other electroactive 
materials. The bistable switching behavior and memory effect of the fluorene polymer 
PFPTPA can be enhanced upon mixing the polymer with carbon nanotubes (CNTs).. 
Furthermore, by varying the carbon nanotube content in poly(N-vinylcarbazole) (PVK) 
composite films, the electrical conductivity of the PVK-CNT doping system can be 
tuned deliberately. The Al/PVK-CNT/ITO sandwich structure exhibits insulator, 
bistable electrical conductivity switching (WORM memory and flash memory effects), 
and conductor behaviors, when the CNT content in the composite film is increased 
from 0 to 3%. The conductivity switching effects of the PVK-CNT composite films 
are ascribed to electron trapping in the CNTs of the hole-transporting PVK matrix. 
x 
Similar to its consanguinity of C60 and carbon nanotube, the large numbers of 
hexagonal aryl make graphene material a good electron acceptor. The atomic 
nanosheets of graphene enhance its potential application in ultrathin electronic 
devices. A solution-processable and electroactive complex of 
poly(N-vinylcarbazole)-derivatized graphene oxide (GO-PVK) was prepared via 
amidation of end-functionalized PVK, from reversible addition fragmentation chain 
transfer (RAFT) polymerization, with tolylene-2,5-diisocyanate-functionalized 
graphene oxide (GO-TDI). The Al/GO-PVK/ITO device exhibits bistable electrical 
conductivity switching and non-volatile rewritable memory effects. Both the OFF and 
ON states of the memory device are stable under a constant voltage stress of -1 V for 
up to 3 h, or under a pulse voltage stress of -1 V for up to 10
8
 read cycles, with an 
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Increasing cost of wafer fabrication with decreasing linewidth. 
Commercially available polymer memory products from PolyIC. (a) 
Laboratory printing machine for RFID tags, (b) Printed electronics 
on roll, (c) Sample of a PolyID
®
 tag, (d) Model of a polymer flexible 
RFID tag, (e) PolyIC RFID tag for Brand Protection, and (f) 
Example of a PolyLogo
®
 application (VIP ticket for a pop concert). 
Images available at http://www.polyic.com/en/press-images.php. 
Classification of electronic memories. 
Roadmap for polymer electronic memories. 
Schematic illustration of a polymer field effect transistor. 
Typical (a) ID-VG and (b) ID-VD characteristics of organic transistors 
(Newman et al., 2004). (c) An example of the shift in transfer curves 
for an OFET memory device (Baeg et al., 2006).  
(a) Schematic circuit diagram of a 1T1C FeRAM cell and (b) charge 
displacement-electric field (D-E) hysteresis loop and ferroelectric 
capacitor polarization conditions (Ling et al., 2008). 
Current density-voltage characteristics of resistor-type polymer 
memories in (a) linear scale (Ling et al., 2005) and (b) log scale 
(Ling et al., 2007). (c) Stability under continuous voltage stress and 
ON/OFF ratio (inset, Ling et al., 2007). (d) Effects of number of 
read cycles (Ling et al., 2007). (e) Write-read-erase-read (WRER) 
cycles (Tseng et al., 2005). (f) Switching time measurement (Ling et 
al., 2005). 
Schematic diagram of (a) a 3 × 3 polymer memory device, (b) a 3 
(word line) × 3 (bit line) cross-point memory array, and (c) a 3 (layer) 
× 3 (word line) × 3 (bit line) stacked memory device. 
Schematic illustration of (a) carbon-rich and (b) metallic filament 
conduction. 
Molecular structure of fluorene unit. 
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Schematics of polymerization of polyfluorenes from (a) Yamamoto, 
(b) Suzuki and (c) Stille coupling reactions. 
 
Synthetic route for PFPTPA. 
 
Synthetic route for PFPCz. 
 
Synthetic route for PFPPy. 
 
UV-visible absorption spectra and cyclic voltammetry spectra of 
PFPTPA, PFPCz and PFPPy, respectively. 
 
Schematic diagram of an Al/polymer/ITO memory device. 
 
(a) J-V characteristics of the Al/PFPTPA/ITO sandwich structure in 
the ON and OFF states, and (b) ON/OFF state current ratio of the 
device as a function of applied voltage. 
 
HOMO and LUMO energy levels of the basic unit (BU) of PFPTPA, 
and work functions of ITO, CNT and Al. 
 
Conduction mechanism of the PFPTPA memory device. 
 
Experimental and fitted J-V characteristics of the PFPTPA device in 
the (a) OFF state and (b) ON state. 
 
(a) J-V characteristics of the Al/PFPCz/ITO device in the low 
conductivity (OFF) state, first high conductivity (ON-1) state and 
the second high conductivity (ON-2) state, and (b) stability of the 
PFPCz device in the OFF, ON-1 and ON-2 states under a constant 
stress of 1 V. 
 
Experimental and fitted J-V characteristics of the Al/PFPCz/ITO 
device in the (a) OFF state, (b) ON-1 state and (c) ON-2 state. 
 
UV-visible absorption spectra of PFPCz in dilute toluene solution, 
and PFPCz thin film on ITO substrate in the OFF state and ON-2 
state. 
 
In-situ fluorescence emission spectra of the Al/PFPCz/ITO device 
with and without applied voltages (λEX=372 nm). The inset shows 















































High-resolution TEM images of a PFPCz film in (a) the OFF state, 
and (b)~(d) the ON-1 state. 
 
J-V characteristics of the Al/PFPPy/ITO sandwich structure. 
 
HOMO and LUMO of PFPPy. 
 
UV-visible absorption spectra of the PFPPy thin film with and 
without applied voltages. 
 
High-resolution TEM images of a PFPPy film (a) without and (b) 
with subjecting to an electric field. 
 
Chemical structures of some polyimides 
 
Synthetic route for PCz6FDA. 
 
Synthetic route for PNa6FDA. 
 
UV-visible absorption spectra and cyclic voltammetry spectra of 
PCz6FDA and PNa6FDA 
 
(a) J-V characteristics of the Al/PCz6FDA/ITO sandwich structure. 
Stability of the Al/PCz6FDA/ITO device in the ON and OFF state, 
(b) under a constant stress of -1 V, and (c) under a continuous read 
pulse with a peak voltage of -1 V, a pulse width of 1 µs, and a pulse 
period of 2 µs. 
 
(a) Optimized geometry of PCz6FDA with three repeating units 
which corresponds to the minimum energy conformation simulated 
by molecular mechanics. (b) Energy level diagram of the basic unit 
and molecular components of PCz6FDA. 
 
Experimental and fitted J-V characteristics of the Al/PCz6FDA/ITO 
device in the (a) OFF state and (b) ON state. 
UV-visible absorption spectra of PCz6FDA film on ITO substrate in 
the OFF and ON state. 
Optimized geometry of basic unit of PFPCz, PCz6FDA and 
PNa6FDA. 
 
TEM images of PCz6FDA thin film (a) with and (b) without 














































Current density of the Cu/PCz6FDA/ITO device in both the OFF 
and ON states at elevated temperatures 
 
TEM images of PNa6FDA thin film (a) with and (b) without 
subjecting to a 4V voltage. 
J-V characteristics of Al/PNa6FDA/ITO device. 
Chemical structures of (a) carbazole and (b) azobenzene. 
Schematic diagram of trans-cis isomerization of azobenzene. 
 
Synthetic routes for PVK-AZO-NO2 and PVK-AZO-2CN. 
 
UV-visible absorption spectra and cyclic voltammetry spectra of 
PVK-AZO-NO2 and PVK-AZO-2CN 
 
UV-visible absorption spectra of PVK-AZO-NO2 (a) in toluene 
solution, and (b) as a thin film on glass substrate. 
 
(a) J-V characteristics of the Al/PVK-AZO-NO2/ITO sandwich 
structure. Stability of the Al/ PVK-AZO-NO2/ITO device in the ON 
and OFF state, (b) under a constant stress of -1 V, and (c) under a 
continuous read pulse with a peak voltage of -1 V, a pulse width of 1 
µs, and a pulse period of 2 µs. 
 
Experimental and fitted J-V characteristics of 
Al/PVK-AZO-NO2/ITO bistable device in the (a) OFF, and (b) ON 
state. 
 
UV-visible absorption spectra of the PVK-AZO-NO2/ITO structure 
in the OFF and ON states. 
 
(a) J-V characteristics of the Al/PVK-AZO-2CN/ITO sandwich 
structure. Stability of the Al/ PVK-AZO-2CN/ITO device in the ON 
and OFF state, (b) under a constant stress of -1 V, and (c) under a 
continuous read pulse with a peak voltage of -1 V, a pulse width of 1 
µs, and a pulse period of 2 µs. 
 
Chemical structures of (a) PFPTPA, (b) PVK and (c) 
surface-functionalized CNT. 
 















































(a) J-V characteristics of the PFPTPA-CNT device exhibiting 
ON/OFF states and (b) ON/OFF state current ratio of the device. 
The polymer matrix is composed of PFPTPA with 1 wt% CNT. 
 
Conduction mechanism of the PFPTPA-CNT device containing 1 
wt% CNT. “○” stands for the atoms in PFPTPA backbone, and “□” 
stands for CNT. 
 
Experimental and fitted J-V characteristics of the 1 wt% 
CNT-containing PFPTPA device in the (a) OFF state and (b) ON 
state. 
 
Effect of the CNT content on the ON/OFF state current ratio and 
switch on voltage of the PFPTPA-CNT device. 
 
(a) Stability of the PFPTPA-1 wt% CNT device in the ON and OFF 
state under a constant stress of -0.5 V, and (b) effect of read cycle on 
the ON and OFF states at a read voltage of -0.5 V. The inset shows 
the read voltage pulse used. 
 
J-V characteristics of the Al/PVK-CNT/ITO devices containing (a) 
0.2%, (b) 1%, (c) 2%, and (d) 3% carbon nanotubes. 
 
J-V characteristics of the Cu/PVK-CNT/ITO devices containing (a) 
1% and (b) 2% carbon nanotubes. 
 
Experimental and fitted J-V characteristics, and conduction 
mechanism of the Al/PVK-CNT/ITO devices containing (a) 0.2%, (b) 
1% (ON state), (c) 2% (ON state), and (d) 3% carbon nanotubes. 
 
FE-SEM images (cross-sectional view) of the PVK-CNT composite 
films containing (a) 0.2%, (b) 1%, (c) 2%, and (d) 3% carbon 
nanotubes. 
 
Effect of the carbon nanotube (CNT) content on the (a) current 
density [single-state (for the insulator and conductor devices) and 
OFF-state (for the electrical bistable devices) current densities when 
read at -1 V], and (b) turn-on voltage (absolute value) and ON/OFF 
state current ratio of the Al/PVK-CNT/ITO devices. 
 
Stability of the ITO/PVK-CNT/Al devices containing 1% and 2% 
carbon nanotubes in the ON and OFF state, (a, b) under a constant 
stress of -1 V, and (c, d) under a continuous read pulse with a peak 













































Transient response of current density in the Al/PVK-1% CNT/ITO 
bistable device. The inset shows a schematic diagram of the circuit 
used for switching time measurements. 
 
Synthetic route for GO-PVK. 
 
TGA results of GO, PVK-DDAT, GO-TDI and GO-PVK. 
 
UV-visible absorption spectra of GO, GO-TDI, PVK-DDAT and 
GO-PVK. 
 
Cyclic voltammogram of GO-PVK. 
 
X-ray diffraction patterns of GO, GO-TDI and GO-PVK. 
 
AFM images of (a) graphene oxide (0 - 5 µm, scale bar 0 - 5 nm) 
and (b) GO-PVK (0 - 15 µm, scale bar: 0 - 50 nm) deposited on a 
mica surface from an aqueous and THF dispersion, respectively. 
 
(a) Current density-voltage (J-V) characteristics of the 
Al/GO-PVK/ITO structure. Stability of the Al/GO-PVK/ITO device 
in the ON and OFF state, (b) under a constant stress of -1 V, and (c) 
under a continuous read pulse with a peak voltage of -1 V, a pulse 
width of 1 µs, and a pulse period of 2 µs. 
 
Fluorescence spectra of PVK-DDAT, GO-TDI, and GO-PVK. 
 
(a) Molecular orbitals and electric field-induced electronic processes 
from the ground state to the charge transfer state, and (b) plausible 
switching mechanism of GO-PVK. (The schematic 3D chemical 
structure of GO-PVK is simplified for better understanding of the 
electronic process in the molecule). GO stands for graphene oxide 
and RG stands for reduced graphene. 
 






























Comparison of device performance of inorganic semiconductor 
memories and polymer memories (Line et al., 2008). 
 
Materials properties of PFPTPA, PFPCz and PFPPy. 
 
Molecular orbital and electrostatic potential surfaces of PFPTPA. 
 
Material properties of PCz6FDA and PNa6FDA. 
 
Molecular orbital and electrostatic potential surfaces of PCz6FDA. 
 
Materials properties of PVK-AZO-NO2 and PVK-AZO-2CN. 
 
Dipole moments, molecular orbital and electrostatic potential 
surfaces of the D-T-A structure in PVK-AZO polymers  
 
Effective distance between neighboring CNTs in the PVK-CNT 
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Over the past four decades, silicon technology has advanced at exponential rates in 
both performance and productivity, with the energy transfer associated with a binary 
switching transition decreases by about five orders of magnitude and the number of 
transistors per chip increases by nine orders of magnitude, as shown by Moore’s law 
in Figure 1.1 (ITRS, 2000 update). However, the fabrication of electronic devices is 
becoming more and more difficult, as well as expensive, as the device approach the 
nanometer scale, as shown in Figure 1.2 (Gordon et al., 1997). 
 
Figure 1.1 Moore’s law. 



















Figure 1.2 Increasing cost of wafer fabrication with decreasing linewidth (ITRS 
2000). 
Furthermore, the bulk electronic properties of inorganic semiconductors vanish at 
nanometer level. Thus, the performance of the present day devices cannot be expected 
to keep pace with the dimension shrinkage process (Schulz, 1999; Muller et al., 1999; 
Meindl et al, 1999). The development of the next generation technologies for data 
storage, elaboration, and communication devices is thus facing a formidable challenge 
of materials and engineering. In particular, materials that would permit the 
manipulation of electrical signals with alternative operating principles must be 
developed. 
From this point of view, electroactive organic materials (including dyes, complexes, 
oligomers, and polymers) are potential alternatives or supplements to traditional Si, 
Ge, and GaAs semiconductors for the realization of nano-scale electronic devices. The 
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tremendous wealth of organic chemistry allows continuous tuning of the electronic 
properties of organic materials via molecular design and synthesis. The liquid based 
processing techniques promise potentially far less expensive fabrication of electronic 
devices when utilizing organic materials. Organic cells can be stacked to produce light 
weight, mechanically flexible, and three-dimensionally structured devices. Organic 
devices can be more readily integrated into other products such as textiles, packaging 
systems, consumption goods, and others (Service, 2001; Stikeman, 2002). The use of 
organic materials, in particular the use of polymers, can provide a simple low-cost 
manufacturing process which can overcome the scaling problems and physical 
limitations on device components, that the semiconductor industry may have to face 
in the future. 
In this work, the design and synthesis of solution-processable polymers, that can 
provide the required electronic properties within a single macromolecule or its 
composites, and yet still possesses good physicochemical and mechanical 
characteristics, was carried out. The bistable and even tristable electrical conductivity 
switching behavior and resistor-type electronic memory effects of these polymers and 
nanocomposites were explored. It is the objective of this work to study the electrical 
switching properties and the underlying mechanisms of these polymer-based 
electroactive materials. Through this work, the design-cum-synthesis strategy has 
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2.1 Current Status of Electronic Memories 
In the form of personal computers, mobile phones, handheld entertainment gadgets 
such as digital cameras, game players, media players, and etc., information 
technology (IT) has greatly merged into the daily life of modern human beings. 
Driven by the continuous development of digital equipments with increased 
complexity and miniaturized dimension, data storage devices, or electronic memories, 
have become a more and more important issue in the microelectronic industries. 
Striking success of electronic memories has been achieved over the past five decades, 
based on the integrated circuits implemented on conventional semiconductor chips 
such as transistors and capacitors. The ever increasing demand of personal mobile 
electronic devices provides a significant incentive for renovation in memory 
technology with higher capacity and system performance, smaller form factor, and 
lower power consumption and system cost (Marsh, 2003; Pinnow and Mikolajich, 
2004). However, the continuous shrinking of current Si, Ge, and GaAs 
semiconductors based memory devices are facing serious physical and economic 
challenges when advancing towards nanometer scale applications (Compano, 2001; 
Service, 2003; Waser, 2005). To keep pace with the dimension shrinkage process and 
survive the Moore’s Law (Figure 1.1), scientific research has been inspired to develop 
new fabrication techniques, new device structures, and novel materials for next 
generation high-performance memories. 
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Many efforts have been devoted to simultaneously enable continued device 
miniaturization and chip performance improvements. New fabrication techniques, 
including imprint template, extreme ultraviolet (EUV), and immersion lithography 
have been explored for further scaling down of the current two-dimensional chips 
(Mikolajick et al., 2007). Novel device structures, such as double-gate, triple-gate, 
multi-core, and through-silicon vias (TSV) configurations have also been used 
(Spiesshoefer et al., 2005). Even though the Moore’s Law will be extended over its 
expected limits (the number of transistors per chip doubled every eighteen months) by 
employing these innovative technologies, the amazing fabrication cost arising from 
the preparation and processing of high purity silicon wafer is still inevitable, 
especially true when utilizing ultrahigh vacuum techniques. Thus, exploiting 
alternative concepts and materials that are running on entirely different operation 
mechanisms is becoming imperative for IT industry in this concern. 
Regarding the aspiration for new data storage technologies, magnetoresistive random 
access memory (MRAM, De et al., 2002), phase-change memory (PCM or OUM, 
Hundgens and Johnson, 2004), ferroelectric random access memory (FeRAM, Setter 
et al., 2006), and organic/polymer memories (ITRS, 2005), have appeared on the 
scene of IT industry. Unlike the current memory technologies that the memory effects 
are associated with a special cell structure, the new technologies are based on the 
electrical bistability (capacitance, conductance, and etc.) arising from the changes in 
certain intrinsic properties of the active materials, such as magnetism, polarity, phase, 
and conformation, in response to the applied electric field.  
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Among these new technologies, organic/polymer memories are of special interests of 
chemist, physicist, and material scientist in both industrial and academic laboratories 
(Scott and Bozano, 2007). Their attractive features, such as good processability, cell 
sizes scalability, and electronic property tunability through molecular design and 
chemical synthesis make them promising candidates for future nano and molecular 
scale memory applications (Raymo, 2002). Advantages of these fascinating organic 
and polymer memories also include device structure simplicity, low power 
consumption, large capacity via three-dimensional stacking, and in particular, low 
cost solution-based techniques of spin-coating, spray-coating, dip-coating, 
roller-coating and ink-jet printing (Scott, 2004; Guizzo, 2004; Li et al., 2004; Fu et al., 
2004; Yang et al., 2006). Other than the more elaborated vacuum evaporation and 
deposition techniques, organic and polymer materials can be deposited on a variety of 
substrates such as glass, plastic and metal foils easily and cheaply through solution 
processing. Together with the acceptable reliability and device performance (even if 
currently not comparable with the silicon counterparts), organic and polymer 
memories open great opportunities for lightweight and flexible products such as radio 
frequency identification (RFID) tags, smart cards, and personal data depositories 
(Forrest, 2004). Significant inroads of organic and polymer memories into the 
commercial world already begun to be made (as shown in Figure 2.1; PolyIC, 2009), 
and they can become a mainstay of the future IT technologies, if the present rapid 
pace continuous to progress. 




Figure 2.1 Commercially available polymer memory products from PolyIC. (a) 
Laboratory printing machine for RFID tags, (b) Printed electronics on roll, (c) Sample 
of a PolyID
®
 tag, (d) Model of a polymer flexible RFID tag, (e) PolyIC RFID tag for 
Brand Protection, and (f) Example of a PolyLogo
®
 application (VIP ticket for a pop 
concert). Images available at http://www.polyic.com/en/press-images.php. 
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2.2 Basic Concepts of Electronic Memories 
Electronic memories are usually referred to computer components, devices, or 
recording media that can retain digital data for some interval of time. The basic goal 
of a memory is to provide a means to store and access binary data: sequences of 1's 
and 0's, as one of the core functions of the modern computers. It is one of the 
fundamental components of all modern computers and other electronic equipments, 
and is historically called primary storage (Sharma, 2003). Unlike other forms of mass 
storage - optical discs, magnetic cassettes tapes, floppy disks, and hard disk drives - 
which can provide permanent data storage but require mechanical drives to convert 
information between optical/magnetic and electrical signals (Prince, 1991), an 
electronic memory is a form of semiconductor storage compact in size, fast in 
response, and may be temporary in nature. When coupled with a central processing 
unit (CPU, a processor), an electronic memory implements the basic Von Neumann 
computer model used since the 1940s, that can store the operating instructions and 
data within the system and do not need to be reconfigured hardware for each new 
program. 
Data storage technologies at all levels of the storage hierarchy can be differentiated by 
evaluating certain key characteristics as well as measuring characteristics specific to a 
particular implementation (Figure 2.2). These core features include volatility, 
mutability, accessibility, and addressability. Volatility and mutability are of special 
importance when evaluating the materials’ aspect of the recording media of an 
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electronic memory. According to the device volatility electronic memories can be 
divided into two categories: volatile and non-volatile memories. Volatile memory 
needs constant power supply to maintain the stored information which will be 
otherwise lost. The majority of the current primary storage is using the fastest 
technologies of volatile memories. Non-volatile memory can sustain the stored 
information even if it is not constantly supplied with electric power, and thus is 
suitable for long-term information storage. Electronic memories can be further 
classified as read only memory (ROM), hybrid memory, and random access memory 
(RAM) according to the mutability: ROM retains the information stored at the time of 
manufacture or some point after manufacture; hybrid allows information to be 
overwritten at any time; RAM requires the stored information to be periodically 
re-read and re-written, or refreshed otherwise it would vanish. Among all types of 
electronic memories, the write-once read-many-times (WORM) memory, the hybrid 
non-volatile and rewritable (flash) memory, the static- and dynamic-random-access 
memories (SRAM and DRAM) are the most studied polymer memories (Moller et al., 
2003; Ouyang et al., 2004; Ling et al., 2006; Liu et al., 2009). 
 
Figure 2.2 Classification of electronic memories. 
Electronic Memory 
Non-volatile Memory Volatile Memory 
ROM RAM Hybrid 
WORM EPROM Flash EEPROM DRAM SRAM 
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Write-once read-many-times (WORM) memory is non-volatile and non-mutable in 
nature. It can be physically written to only a single time, but can be read from 
multiple times. Because of its non-volatility and non-mutability, WORM memory is 
capable of storing trackable (re-readable) data permanently, reliably and securely over 
a long period of time (life time). In supplements to conventional optical discs (CD, 
DVD, and etc.), WORM memory is usually used for backups and archives of 
important massive data such as health information and transaction records, to prevent 
erasure (accidental or deliberate) and tampering of the stored information. Due to its 
simplicity in function and thus the low-cost potential in both material (recording 
medium) and device fabrication, WORM memory can also be used for disposal 
purpose such as RFID tags. 
Flash memory is another non-volatile electronic memory. It can be electrically 
reprogrammed with the ability to write, read, erase, rewrite and retain the stored data, 
and thus is mutable or rewritable in nature. Due to its non-volatility, no power is 
needed to maintain the information stored in a flash memory. Furthermore, flash 
memory based on traditional metal-oxide-semiconductor field-effect transistor 
(MOSFET) does not need any mechanical drive, and exhibits better kinetic shock 
resistance than hard disks. Thus, flash memory is primarily used for general data 
storage in portable devices such as PDAs, mobile phones, digital cameras, media 
players and other digital products, as well as used in memory cards and USB flash 
drives for transfer of data between computers and portable electronics. 
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Dynamic-random-access memory (DRAM) is a volatile random access memory that 
stores each bit of data in a separate capacitor within an integrated circuit. Since 
real-world capacitors have charge-leaking tendencies, the stored-information can fade 
eventually unless the capacitor charge is refreshed periodically. Because of this 
periodical refresh requirement, it is a dynamic memory as opposed to a static memory. 
Since a capacitor loses its stored charge when the power supplied is removed, 
capacitor based DRAM memory is volatile in nature. The volatility, ultrafast data 
access time and structural simplicity (one transistor and a capacitor per bit) hold great 
promise for high density and fast responding performance, making DRAM memory 
the main memory for current computers. Similar to DRAM memory, 
static-random-access (SRAM) memory is volatile in nature. As SRAM uses bistable 
latching circuitry to store each bit of information, it never needs to be refreshed and 
thus is a static memory.  
For any particular implementation of any storage technology, the characteristics worth 
measuring are capacity and performance. Parameters of importance to the 
performance of a polymer-based single memory cell include ON/OFF ratio, read 
cycles, and retention ability. The ON/OFF ratio defines the control of misreading rate 
during device operation, while the number of read cycles and retention ability are 
related to the stability and reliability of the memory devices. In this work, the 
concepts of WORM, flash, DRAM and SRAM memories are adopted to study the 
electronic memory effects of polymer or polymer composite materials.
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2.3 Brief History of Polymer Electronic Memories 
Many different forms of storage, based on various natural phenomena, have been 
invented since 1940s. So far, no practical universal storage medium exists, and all 
forms of storage have some drawbacks. Therefore a computer system usually contains 
several kinds of storage, each with an individual purpose. The main emphasis in this 
field has been placed on studying the electrical switching memory effects of inorganic 
materials (Lew, 1967; Ovshinsky, 1968; Lem and Spruth, 1969), and great interest 
was addressed on amorphous semiconductors and disordered structures in 1960s 
(Mott, 1967; Adler, 1971). In such a great development of the silicon age, attentions 
were still given to organic and polymer films. 
Electronic memory effects in polymer materials were observed in 1970 for the first 
time (Silva et al., 1970), devices based on Saran
®
 wrap (a thermoplastic resin derived 
from poly(vinylidene chloride) and polystyrene) exhibited bistable switching behavior. 
Reproducible bistable switching was soon demonstrated in polymer thin films 
prepared by glow-discharge polymerization (Carchno et al., 1971). Inspired by the 
pioneering works, a wide variety of organic and polymer materials have been reported 
to show threshold or memory switching effects (Antonowicz et al, 1973; Gazso, 1974; 
Pender and Fleming, 1975; Ballard and Christy. 1975). Most of the observed polymer 
memory effects in early age are due to filamentary conduction phenomena, and under 
such a mechanism they require high voltage input for operation (~ 100 V). Thus, the 
performance of these devices is not satisfactory for practical applications.  
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“Real” memory switching phenomena arising from the intrinsic properties of polymer 
materials was first reported in 1974 (Henisch and Smith, 1974). Memory switching 
effects in polystyrene, polyethylmethacrylate and polybutylmethacrylate films were 
ascribed to a field-controlled polymer chain ordering and disordering. Memory 
switching in poly(N-vinylcarbazole) (PVK) thin films was also reported, attributed to 
the trapping-detrapping processes associated with absorbed O2 impurities-hole traps 
(Sadaoka and Sakai, 1976). Later a study on the memory phenomena in anthracene 
thin films reported that the electrical switching was due to field-induced double 
carrier injection (Elsharkawi and Kao, 1977). 
In 1980s some ferroelectric polymers were exploited for transition behavior (Yagi et 
al., 1980; Lovinger, 1982). Thin films of ferroelectric materials can be repeatedly 
switched between two stable ferroelectric polarization states, and are capable of 
exhibiting non-volatile memory effects (Setter et al., 2006). Solution-coating 
techniques have been applied to fabricate ferroelectric polymer films in 
metal-insulator-semiconductor (MIS) structure that can switch bistablly (Yamauchi, 
1986). However, the polymer films obtained using solution processing techniques 
were so thick that significant power consumption (operation voltages ~ 30 V) were 
resulted. A major breakthrough in fabricating thin ferroelectric polymer films was 
reported using Langmuir-Blodgett (LB) technique, and 1 nm ferroelectric films can be 
switched with a voltage as low as 1 V (Bune et al., 1998). Rapid progress in polymer 
ferroelectric random access memories (FeRAM) as a promising memory technology 
has been achieved in recent years (Lee and Kim, 2006). Other than FeRAM, 
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ferroelectric organic and polymer materials have also been utilized as gate insulators 
in field-effect transistors (OFET) (Mushrush et al., 2003; Dutta and Narayan, 2004), 
and high performance all organic or polymer transistor memories have also been 
demonstrated (Schroeder et al., 2004; Halik et al., 2004; Naber et al., 2005). 
WORM type memory device employing a thin film p-i-n silicon diode and a blend of 
poly(ethylenedioxythiophene) (PEDOT) and poly(styrene sulfonic acid) (PSS) as 
polymer fuse was demonstrated by Forrest and coworkers in 2003 (Moller et al., 
2003). Arising from the electrochemical redox reaction of the polymer fuses, the 
organic/inorganic hybrid device can be switched bistablly between two electrical 
conductivity states by applying voltage sweeps (Xu et al., 2006). Equipped with both 
the passive matrix memory architecture of silicon diode and the conductive polymer 
blend as a molecular switch for data storage, the bistable device behaves as a 
resistor-type electronic memory, possessing high reliability and compatibility with 
standard electronic memory applications (Smith and Forrest, 2004). 
Organometallic and all-organic charge transfer (CT) complexes (Potember et al., 1979) 
have also been explored for non-volatile electronic memory applications (Choi et al., 
2009). Polymer memories based on CT effects from doping of a polymer matrix by 
electron donors including 8-hydroxyquinoline (8HQ), tetrathiafulvalene (TTF), or 
electron acceptors such as gold nanoparticles, copper metallic filaments, and phenyl 
C61-butyric acid methyl ester (PCBM) are reported by Yang and coworkers (Ma et al,, 
2004; Chu et al., 2005;Yang et al., 2005; Tseng et al., 2005). Pal et al. also reported 
Chapter 2                                                         Literature Survey 
17 
 
memory effects in mixed organic and polymer systems (Majumdar et al., 2003; 
Bandyopadhyay and Pal, 2003; Mukherjee and Pal, 2007). However, doping or 
mixing may not always result in uniformly dispersed components, and thus may give 
rise to phase separation and ion aggregation, which in turn may affect the 
performance of memory devices (Ling et al., 2007). 
The design and synthesis of processable polymers, that can provide the required 
electronic properties within a single macromolecule or its composites, and yet still 
possesses good physicochemical, mechanical, and morphological characteristics, are a 
desirable alternative approach to the fabrication of polymer memory devices. By 
utilizing conjugated polymers containing both electron donor and acceptor moieties in 
the basic unit, phase separation and ion aggregation could be effectively avoided in a 
single-component polymer film, resulting in uniform film morphology and improved 
device performance (Ling et al., 2005; Ling et al., 2006; Ling et al., 2006; Lim et al., 
2007; Liu et al., 2009).  
Rapid growth in polymer memory technologies has occurred in the last few years 
(Figure 2.3), and a thorough review on this field has been provided by Kang and 
coworkers (Table 2.1, Ling et al., 2008). The International Technology Roadmap for 
Semiconductors has identified polymer memory as an emerging alternative or 
supplement to the conventional silicon technology that is currently facing 
miniaturizing challenges (ITRS, 2005). 




Figure 2.3 Roadmap for polymer electronic memories. 
Table 2.1 Comparison of device performance of inorganic semiconductor memories 
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2.4 Classification of Polymer Electronic Memories 
Transistors, capacitors and resistors are all fundamental building blocks and key 
components of modern radio, telephone, computer, and other electronic systems. A 
transistor is an active semiconductor device with at least three terminals connecting to 
the external circuit, and is commonly used in integrated circuits to amplify or switch 
electronic signals. A capacitor is a passive electronic component consisting of a pair 
of electrodes separated by a dielectric medium, capable of storing charge and energy 
between the plates under applied electric field. A resistor is another ubiquitous 
two-terminal passive electronic component in most electronic and electrical 
equipments, which can produce an electric current flowing through it that is 
proportional to the voltage applied across its terminals. Based on their respective 
ability to amplify electronic signals, to store charges, and to produce proportional 
electric currents, either a transistor, a capacitor or a resistor can be utilized in 
electronic memories. 
2.4.1 Transistor-type polymer memories 
Inorganic field-effect transistors are widely used in conventional memories. A group 
of six or more numbers of field effect transistors can be integrated to assemble a 
SRAM cell, while a smaller number (three or even one) of transistors can be 
integrated to assemble DRAM cells. Flash memories can also be made of a floating 
gate transistor. Organic and polymer field effect transistors are also of great potential 
for memory applications (Saxena and Malhotra, 2003; .Kohlstedt et al., 2005). Many 
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organic/inorganic hybrid, or even all organic/polymer field effect transistor based 
memories have been demonstrated recently (Mushrush et al., 2003; Schroeder et al., 
2004; Naber et al., 2005). 
The organic and polymer field effect transistors inherit device architecture from 
inorganic MOSFET precursors, and are composted of source, drain and gate 
electrodes, a dielectric insulator layer and an active semiconductor layer, as illustrated 
in Figure 2.4. Similar to the thin-film silicon transistor (TFT) using thermally grown 
Si/SiO2 as gate dielectric, the most commonly used organic and polymer device 
geometry exhibits bottom gate with drain and source electrodes on top of the active 
semiconductor layer (Reese et al., 2004). A polymer field effect transistor memory 
consists of at least one polymeric material either in its dielectric insulator layer or 
active semiconductor layer or both. Because the work function of gold is close to the 
ionization potential of many polymer materials, which leads to an Ohmic contact in 
the device, Au is the most widely used metal as source and drain electrodes in 
polymer transistor memories (Naber et al., 2005). Similar to inorganic MOSFET, the 
separation between the source and drain electrodes defines the channel length (L) 
ranging from 10 to 100 µm; the width of the source and drain electrodes defines the 
channel width (W) ranging from 100 µm to 1 mm (Newman et al., 2004). 




Figure 2.4 Schematic illustration of a polymer field effect transistor. 
A voltage applied to one pair of the transistor’s terminals (either source-drain or 
source-gate) can change the current flowing through another pair of terminals. The 
voltage applied between the source and drain is referred to as the source-drain voltage 
(VD). The current flowing through the semiconductor from source to drain is referred 
to as source-drain current (ID). The voltage applied between the source and gate is 
referred to as the source-gate voltage (VG). For a lightly doped or undoped 
semiconductor, the concentration of free charge carriers in the channel is very low. As 
a result, ID is very low when VG = 0 V and the transistor is initially in the OFF state. 
With an increase in VG, a layer of mobile charges from source can accumulate at the 
interface between the semiconductor layer and the dielectric insulator layer. Due to 
the increased charge carrier concentration in the semiconductor, ID increases 
significantly and turns the transistor to the ON state (Sun et al., 2005). Alternatively, 
field effect transistor memory can also be operated with constant VG and sweeping VD. 
Figure 2.5 shows the ID-VG and ID-VD characteristics of organic transistors reported in 
the literature (Newman et al., 2004; Baeg et al., 2006). To be a non-volatile transistor 
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for memory applications, the charges must be stored or polarized in domains within 
the bulk of the dielectric layer, or at interfaces between the gata contact and the 
semiconductor channel. An additional voltage, via charge storage or polarization, is 
thus introduced between the gate and the semiconductor channel to alter the charge 
distribution in the transistor, resulting in a shift of the threshold voltage or hystesesis 
in the ID-VG curve and functioning as an OFET memory device. 
 
Figure 2.5 Typical (a) ID-VG and (b) ID-VD characteristics of organic transistors 
(Newman et al., 2004). (c) An example of the shift in transfer curves for an OFET 
memory device (Baeg et al., 2006). 
Significant achievements have been made towards cheap and viable non-volatile 
memories based on polymer materials in recently years. However, the physical 
limitations still easily hinder the cell size reduction process. The difficulty in reducing 
the dielectric layer thickness, the parasitic capacitance and charge coupling problems 
between neighboring cells, and the unavoidable three terminal device architecture 
posses great challenge for practical application of high-density polymer transistor 
memories (Bez, 2005).  
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2.4.2 Capacitor-type polymer memories 
Capacitors can store charges on the parallel plate electrodes under applied electric 
field. Based on the amount of charges stored in the cell, a bit of information (“0” and 
“1”) can be encoded respectively. The charged state can not be stabilized if the 
medium between the parallel electrodes is merely a dielectric, and the stored charges 
will be lost eventually (Scott and Bozano, 2007). A DRAM cell, using a dielectric 
capacitor to store bit of data, is thus a volatile memory and needs periodic refreshment 
to retain the charges. On the other hand, if the medium is ferroelectric in nature, 
permanent electric polarization can be maintained and longer retention time can be 
achieved. The ferroelectric material can be electrically switched repeatedly between 
two stable polarization states (Devonshire, 1954). Thus, a memory based on 
ferroelectric capacitor (FeRAM) is non-volatile and does not require any refreshing 
(Milolajick, 2002; Scott, 2006). Polymer materials can also be used in DRAM and 
FeRAM applications (Ling et al., 2006; Ducharme et al., 2005). Ferroelectric polymer 
materials and their applications have been reviewed (Wang et al., 1988; Nalwa, 1995). 
The simplest DRAM and FeRAM cells have similar structures, both utilizing one 
capacitor and one transistor (1T1C) as the building components, as shown in Figure 
2.6(a) (Kinney and Gearly, 1994). The plate line (PL) of a FeRAM has a variable 
voltage level to enable the switching of the polarization of the ferroelectric capacitor, 
while the voltage level of a DRAM is fixed (Kohlstedt et al., 2005). The upper 
electrode of the capacitor is made of Pt, Ir or Ru, while the lower electrode is Pt/Ti.  




Figure 2.6 (a) Schematic circuit diagram of a 1T1C FeRAM cell and (b) Charge 
displacement-electrical field (D-E) hysteresis loop and ferroelectric capacitor 
polarization conditions (Ling et al., 2008). 
Ferroelectric materials exhibit polarization-electric-field hysteresis loops as illustrated 
in Figure 2.6(b). When voltages are applied from 0 V to + Vcc, the polarization state 
changes from point A to B to C progressively. Similarly, the polarization state 
changes progressively from point D to E to F, with the applied voltages increasing 
from 0 V to - Vcc. When voltages are applied from + Vcc to 0 V and from - Vcc to 0 V, 
the polarization state changes from point C to D and from point F to A, respectively. 
The amount of polarization charges can be maintained well, without reversing their 
direction. Under such situation, the zero-voltage remnant polarization states with 
opposite direction (Pr, points A and D) can be obtained by a large saturation voltage 
(± Vcc), and can be reversed or switched by the coercive voltage (± Vc). Thus, “0” and 
“1” can be defined as the two stable states, “upward polarization” and “downward 
polarization”, to apply the ferroelectric characteristics to electronic memories 
(Ishiwara et al., 2004). 
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Despite the rapid development of polymer FeRAM techniques, they still have some 
limitations including degradation and scaling problems. Under a normal destructive 
read-out operation of a FeRAM cell, the ferroelectric capacitor degrades when it is 
programmed repeatedly. With the number of programming cycle increases, it is 
becoming harder and eventually impossible to sense the charge displacement response. 
Nevertheless, reduction in device area will reduce the charges stored in the capacitor 
as well as the current (signal) during operation, and thus significantly affect the device 
performance. 
2.4.3 Resistor-type polymer memories 
Devices incorporating switchable resistive materials are classified as resistor-type 
memories. Unlike transistor and capacitor memories, which require a specific cell 
structure (e. g. FET) and need to be integrated with CMOS (complementary 
metal-oxide-semiconductor) technology, resistor-type memories store data in an 
entirely different form, for instance, based on the high and low conductivity (electrical 
bistability, Figure 2.7) response to the applied voltage or electric field (Forrest, 2004; 
Ling et al., 2008). A number of polymers have been explored for conductivity 
switching and memory effects (Taylor and Mills, 2001; Himadri et al., 2002; Pradhan 
et al, 2006; Prakash et al., 2006; Liu et al., 2007; Lim et al., 2009). 




Figure 2.7 Current density-voltage characteristics of resistor-type polymer memories 
in (a) linear scale (Ling et al., 2005) and (b) log scale (Ling et al., 2007). (c) Stability 
under continuous voltage stress and ON/OFF ratio (inset, Ling et al., 2007). (d) 
Effects of number of read cycles (Ling et al., 2007). (e) Write-read-erase-read (WRER) 
cycles (Tseng et al., 2005). (f) Switching time measurement (Ling et al., 2005). 
The resistor-type polymer electronic memory (shortened as polymer memory in later 
sections) usually consists of a polymer or polymer composite thin film sandwiched 
between two electrodes, as illustrated in Figure 2.8(a). The devices can be fabricated 
on plastics, silicon wafer, glass or metal foil substrates. The top and bottom electrodes 
may not be symmetric. Al, Au, Cu are widely used as top electrodes, while doped Si 
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and ITO-coated glass are often used as bottom electrodes as well as substrates. The 
application of a sufficient high voltage across the electrodes can eventually lead to a 
derivation from the linear (Ohmic) behavior of the current response in the polymer 
thin film, resulting in electrical conductivity switching behavior and memory effect in 
the sandwich structure. The individual memory cells can be integrated into a cross-bar 
(two dimensional or 2D) memory array (Figure 2.8(b)), and further stacked into 
three-dimensional (3D) data storage devices (Figure 2.8(c)). Each cell in the 2D 
memory array or 3D stacked device can be identified by its unique Cartesian 
coordinates. Due to the two terminal simple structure and the nanoscale active 
polymer thin film, high data storage density can be realized in polymer memories. 
 
Figure 2.8 Schematic diagram of (a) a 3 × 3 polymer memory device, (b) a 3 (word 
line) × 3 (bit line) cross-point memory array, and (c) a 3 (layer) × 3 (word line) × 3 
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2.5 Conduction Mechanisms of Polymer Memories 
Resistor-type memory is based on the change of the electrical conductivity of the 
materials in response to the applied voltage (electric field). As a product of charge 
carrier concentration (N) and charge carrier mobility (μ), the material’s conductivity 
can be tuned accordingly (Adler, 1971). Because of the amorphous nature of polymer 
materials, the band theory, which receives great success in ordered inorganic materials, 
is not adequate to describe the electrical conduction mechanism in polymer. The 
energy bands of polymers are poorly defined with discrete levels, and thus the 
electronic processes in organic and polymer materials are much more complex than 
the inorganic counterparts (Pillai, 1995). Generally the conduction in polymers can be 
explained in terms of intrinsic charge carrier generation (trapping-detrapping) and 
charge carrier injection from contacts at high fields (Seanor, 1982; Pillai, 1995). A 
number of conduction mechanisms, including filament conduction, space charges and 
traps, charge transfer effects, tunneling effects, conformational change effects and etc. 
have been proposed to explain the electronic processes in polymer and polymer 
composite materials (Pope and Swenberg, 1999).  
2.5.1 Filament conduction 
Filament conduction is used to describe the high conductivity (ON) state where the 
current is highly localized in a small fraction of the device area. As the minute 
conductive filament is randomly distributed in the thin film, the current will be 
consequently insensitive to the device area. Two types of filament conduction, 
Chapter 2                                                         Literature Survey 
29 
 
carbon-rich filament and metallic filament, are widely reported in polymer memories 
(Figure 2.9). The former is formed by local degradation of polymer films and will 
increase the mobility of charge carriers only (Segui et al., 1976). The latter results 
from local fusing, migrating or sputtering of electrode metal through the films 
(Hwang and Kao, 1974), leading to increase in both the charge carrier mobility and 
concentration. 
 
Figure 2.9 Schematic illustration of (a) carbon-rich and (b) metallic filament 
conduction. 
When voltage or electric field is applied to a polymer film, Joul heating will increase 
the temperature of the material. At sufficient high electric field, Joul heating may 
exceed heat dissipation threshold and the excess energy may escape at the “weakest” 
points of the material. The local high temperature will lead to pyrolysis of the 
polymer in oxygen-free environment and forming of conductive carbon-rich filament 
at the thermal breakdown points (Winslow and Matreyek, 1956). The resistance of the 
pyrolyzed amorphous carbon-rich filament and thus the ON state current are 
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temperature independent (Mrozowski, 1952). The conductive filaments can be 
ruptured by a current pulse with sufficient magnitude and short period (Tyczkowski, 
1991), and subsequently reformed in the same breakdown region. Thus, no obvious 
change of the sample in regions other than thermal runaway points occurs, and a large 
numbers of switching cycles (> 10
8
) can be achieved (Pender and Fleming, 1975). 
In an oxygen atmosphere, the polymer will be locally oxidized at high temperature, 
leaving behind little or no residue in the thin film. The electrostatic attraction between 
the electrodes will drag metal atoms into the vacancies created upon polymer 
oxidization and form a metallic contact through the thin film (Pender and Fleming, 
1975). The metallic contact provides continuous pathway for charge carriers (electron) 
through the polymer thin film, and the ON state current exhibits Ohmic (linear I-V) 
characteristics and increases as temperature decreases (Hovel and Urgell, 1971). It is 
reported that both π-conjugation and coordinating atom (such as nitrogen) that can 
bind to metal ions are essential for metallic filament formation (Joo et al., 2006). The 
formation of a thin metal oxide (Al2O3) layer, either under electric field or during 
electrode deposition, is also crucial to reliable switching behavior (Colle et al., 2006). 
The formed metallic filament is completely destroyed in transition from the ON to the 
OFF state, and new breakdown regions are formed in next switching cycles. 
Switching cycle continuous until the sample is destroyed completely, thus the memory 
phenomena from metallic filament are difficult to control and reproduce. 
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2.5.2 Space charges and traps 
The intrinsic electrical conducticity of organic and polymer materials is far less than 
that of metal. When the electrode-polymer contact is Ohmic, charge carriers will be 
easily injected from the electrode into the polymer thin film and accumulated near the 
interface to form a space charge buildup. The electrostatic repulsion between 
individual charges can screen the applied electric field and limit further charge 
injection into the sample (Campbell et al, 1997). Consequently hysteresis in 
current-voltage (I-V) characteristics of the sample is observed. Space charges in 
materials may arise from several sources, such as electrode injection of charge carriers, 
ionized dopants in interfacial depletion regions and accumulated of mobile ions at 
electrode/polymer interfaces. Capacitance-voltage (C-V) characteristics can also show 
hysteresis arising from the space charges (Majumdar et al., 2003). The hysteric 
behavior, either in I-V or C-V characteristics, can be utilized to create data storage 
devices. The device can be programmed by applying a voltage pulse to write a state, 
and read by measuring the device current under a small probe voltage. 
When traps are present either in the bulk of the material or at the interface regions, 
charge carrier mobility will be significantly reduced. The adsorbed oxygen molecules 
in polymer films (Sadaoka, 1976), intra-molecular donor-acceptor structure (Li et al., 
2007) and metal or semiconducting nanoparticles (Bozano et al., 2005; Li et al., 2007) 
can act as charge trapping centers. As more numbers of charge carriers are injected 
with increasing voltage, the traps in the polymer thin film are filled gradually 
(Sadaoka, 1976). When all the traps are filled eventually, the newly injected charge 
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carriers will no longer be affected by the fully filled traps (Song et al., 2006). An 
abrupt increase in the current is observed, and the transition from the OFF to the ON 
state is related to the level of occupancy of charge traps. In the trap-filled state the 
current is limited by re-excitation (detrapping) of the trapped carriers (Ouisse and 
Stephan, 2004). Both space charges and traps play an important role in the electronic 
processes and switching behavior of polymer electronic devices (Taylor, 2006). 
2.5.3 Charge transfer effects 
A charge-transfer complex (CT complex or electron-donor-acceptor-complex) is a 
chemical association of two or more molecules, or of different parts of a single 
macromolecule (Wilkinson, 1997). The interaction between the CT complex 
components is created by a partial transfer of electronic charge from the donating to 
the accepting moieties (or an electronic transition from the ground state to the excited 
state). The resulting electrostatic attraction provides a mild stabilizing force, which is 
an electron resonance much weaker than covalent force, for the molecular complex. 
As a result, the excitation energy of this resonance occurs very frequently in the 
visible region of the electro-magnetic spectrum. Charge-transfer complexes exist in 
many types of molecules, inorganic as well as organic, and in all phases of matter, i.e. 
in solids, liquids, and even gases. 
The conductivity of a CT complex is dependent on the ionic binding between the D-A 
components (Farges, 1994; Dei et al., 2004). When there is complete transfer of 
charge (CT degree, δ > 0.7) from the donor to the acceptor, strongly ionic insulator 
Chapter 2                                                         Literature Survey 
33 
 
salts are formed. At the other extreme, if the donor is too large or shows to high 
ionization potential, neutral molecules are formed (δ < 0.4). In between, if donor has 
intermediate size and ionization potential, partially ionic mixed-valence salts are 
formed (0.4 < δ < 0.7). The incomplete charge transfer of the weakly ionic salts will 
probably lead to high conductivity (Torrance, 1979). Thus, the formation of 
conductive CT complex can be employed to design molecular electronic devices. 
Many polymer-containing CT systems, including organicmetallic complexes (Gong 
and Osada, 1992), fullerene- and CNT-polymer complexes (Chu et al., 2005; Bradhan 
et al., 2006), gold nanoparticle-polymer complexes (Prakash et al., 2006; Song et al., 
2007), organic acceptor-PVK complexes (Choi et al., 2006; Ling et al., 2007), as well 
as single polymers with intra-molecular D-A structures (Ling et al., 2005; Ling et al., 
2006) have been explored for memory applications. 
2.5.4 Tunneling effects 
Tunneling effect is a quantum-mechanical phenomenon, and is the most-common 
conduction mechanism through insulators under high fields (Sze and Ng, 2007). 
Rather than the complete confinement of charge carriers by the potential walls as 
predicted by classic mechanics, the wavefunction of charge carriers (electrons) does 
not terminate abruptly on a wall of finite potential height and width and it can 
penetrate into and through the barrier. Thus, the probability of finding charge carriers 
on the other side of the finite potential barrier is not zero. Tunneling effect shows 
strong dependence on the applied voltage but is essentially independent on 
temperature. In polymer electronic devices, if the thin film (less than 10 nm) is 
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subjected to a sufficient high voltage or electric field, the electrons can tunnel through 
the polymer layer (potential barrier) to form continuous current flow. The tunneling 
current can be modeled with Frenkel-Pool emission of trapped electrons into the 
conduction band via thermal excitation (Jensen, 2003). A number of polymer 
memories have been realized based on tunneling effects. 
The Langmuir-Blodgett (LB) technique can be utilized to organize molecules and to 
form ultra-thin films with precisely controlled thickness. 0.4 nm thick thermally stable 
LB film of polyimide (PI) has been prepared for electronic applications (Yano et al., 
1996). The ultra-thin film is eligible for charge carrier tunneling effects. Reproducible 
electrical memory effect has been reported in a metal/PI-LB film/metal sandwich 
structure (Sakai et al., 1989). The ultra-thin film can be switched between ON and 
OFF states by voltage pulses for hundred of cycles.  
Memory phenomena based on tunneling effects are also observed in 
fullerene-polymer composites (Rozenberg et al., 2004; Kanwal and Chhowalla, 2006). 
In these composites, the fullerene molecules are discretely dispersed in insulating 
polymer matrixes. When the concentration of fullerene molecule is sufficiently high, 
the distance between the neighboring fullerene molecules is reduced within the 
electron tunneling range. Because of charge tunneling between individual fullerene 
molecules inside the polymer matrix under high electric field, the conductivities of the 
composites have been increased significantly and the devices are switched from the 
OFF to the ON state. Metal nanoparticles can also serve as stagecoach points for 
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charge tunneling in polymer matrix (Bozano et al., 2005), and the conduction 
mechanism is direct tunneling instead of Frenkel-Pool emission (Ping et al., 1973). 
2.5.5 Conformational change effects 
Spatial conformation (or configuration) of a polymer chain can significantly affect the 
distribution of electron density among the macromolecule and/or π-conjugation of the 
system, thus effectively control the material’s electrical conductivity (Girlanda et al., 
2004). Conductivity switching and memory effects have been observed in molecules 
or molecular bundles arising from electric field induced conformational changes 
(Donhauser et al., 2001; Cacelli et al., 2006; Gergel-Hackett et al., 2006). Polymers 
also exhibit conductivity switching and memory effects arising from the field induced 
conformational changes (Ma et al., 2000; Lim et al., 2007; Liu et al., 2009). The 
transition in the molecular conformation of anthracenyl moieties can tune the energy 
level of anthrancene containing polymer, and improve the bulk charge recombination 
(Ma et al., 2000). Carbazole containing polymers are capable of exhibiting 
field-induced conformational change via rotations of the random oriented carbazole 
groups to form a more regioregular arrangement (face to face conformation) for 
facilitated carrier delocalization and transport (Lim et al., 2007). Conformational 
changes in polyimide can result in increased torsional displacement between 
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Fluorene polymers are a family of conjugated polymers that consist of fluorene units 
as the fundamental building blocks and are connected at the 2 and 7 positions (Figure 
3.1). Because of their unique optoelectronic properties, polyfluorenes have been 
expored for light-emitting diodes (Ohmoriet al., 1991; Leclerc 2001), field-effect 
transistors (Ling and Bao, 2004) and plastic solar cells (Svensson et al., 2003) 
applications. Recently, electronic memories are also demonstrated based on fluorene 
polymers (Ouisse and Stephan, 2004; Ling et al., 2006; Song et al., 2006). 
 
Figure 3.1 Molecular structure of fluorene unit. 
The enormous treasure of organic chemistry allows elaborate tuning of the electronic 
properties through chemical modifications on the side chain and chain end of 
polyfluorenes (Bernius et al., 2000; Scherf and List, 2002). The optical and electrical 
properties of polyfluorenes can also be modified through copolymerization of 
fluorene monomers with other molecular units (Cirpan et al., 2005). A number of 
synthetic techniques, including Grignard, Stille, Yamamoto, Heck, and Suzuki 
coupling reactions have been developed to synthesize well-defined polyfluorenes 
(Figure 3.2) (Pei and Yang, 1996; Ranger et al., 1997). For instance, Suzuki coupling 
polymerization of well-defined polyfluorenes using palladium-based catalyst have 
been carried out throughout the last two decades (Ranger and Leclerc, 1997). 




Figure 3.2 Schematics of polymerization of polyfluorenes from (a) Yamamoto, (b) 
Suzuki and (c) Stille coupling reactions. 
In the present work, we adopt three fluorene copolymers incorporating electron 
donor-acceptor structures from our previous study on light emitting diode applications 
directly, and use them as the starting materials here. The electrical properties of three 
fluorene copolymers, including poly(2,6-diphenyl-4-((9-ethyl)-9H-carbazole)-pyridin- 
yl-alt-2,7-(9,9-didodecyl)-9H-fl-uorenyl) (PFPCz), poly(2,6-diphenyl-4-triphenylami- 
ne-pyridinyl-alt-2,7-(9,9-didodecyl)-9H-fluorenyl) (PFPTPA), and poly(2,6-diphenyl- 
4-pyrene-pyridinyl-alt-2,7-(9, 9-didodecyl)-9H-fluorenyl) (PFPPy), which were 
synthesized via Suzuki coupling polymerization reaction by our collaborators from 
National Taiwan University of Science and Technology, were characterized in 
Al/polymer/ITO sandwich structures.  
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3.2 Experimental Section 
Instrumentation 
Thermogravimetric (TG) analysis was conducted on a TGA 2050 thermogravimetric 
analyzer (TA Instruments) at a heating rate of 10 
o
C/min and under a nitrogen flow 
rate of 40 ml/min. Differential scanning calorimetry (DSC) measurements were 
carried out on a Mettler Toledo DSC 822
e
 system under N2 and at a heating rate of 10 
o
C/min. Weight-average (Mw) and number-average molecular weights (Mn) were 
determined by gel permeation chromatography (GPC). Four Waters (Ultrastyragel) 






, and 500 Å pore size gel in series) were 
used for the GPC measurements with tetrahydrofuran (THF, 1 mL/min) as the eluent. 
The eluents were monitored by a UV detector (JMST Systems, VUV-24, USA) at 254 
nm. Monodispersed polystyrene samples were used as the molecular weight standards. 
UV-visible absorption spectra of solution samples were recorded on a Shimadzu 
UV-NIR 1601 spectrophotometer. UV-visible absorption spectra of the polymer film 
on ITO substrate were obtained on a Shimadzu UV-3101 PC UV-VIS-NIR Scanning 
spectrophotometer. After recording the OFF state UV-visible absorption spectra of the 
polymer film, a drop of mercury was introduced on top of the polymer film to form 
the Hg/polymer/ITO structure. An external voltage of -4 V was applied across the 
Hg/polymer/ITO structure, using a Keithley 238 high current source measurement 
unit, to switch the polymer film to the ON state. The ON state UV-visible absorption 
spectrum of the polymer film was obtained after removing the Hg droplet electrode. 
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Cylic voltammetry (CV) measurement was performed on an Autolab 
potentiostat/galvanostat system using a three-electrode cell under an argon 
atmosphere. The polymer film coated on a Pt disk electrode (working electrode) was 
scanned (scan rate: 15 mV/s) anodically and cathodically in a 0.1 M acetonitrile 
solution of tetrabutylammonium hexafluorophosphate (n-Bu4NPF6), with Ag/AgCl 
and a platinum wire as the reference and counter electrodes, respectively. Because the 
experimental setups for material characterization are similar for all the materials that 
were explored in this theis, thus they are not included in the following chapters to 
avoid redundant repetition in the subsequent chapters. 
Materials 
Because of the conjugated backbone which provides a good charge carrier transport 
pathway, three fluorene copolymers, namely, PFPTPA, PFPCz and PFPPy are chosen 
as the starting materials of this project. In these three fluorene copolymers, we 
incorporate the same diphenyl-pyridine-fluorene backbone but different pendant 
groups of triphenylamine, carbazole and pyrene into the basic units PFPTPA, PTPCz 
and PTPPy, respectively. The difference in the electron donating ability as well as the 
molecular conformation of the pendant groups will play an impotant role on the 
intra-molecular charge transfer interaction and/or region-regularity of the polymer 
film, which may significantly influence the electrical properties of the polymer 
materials. 
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The copolymers of PFPTPA, PFPCz and PFPPy were prepared via Suzuki coupling 
polymerization by Professor Liaw Der-Jang, Dr. Chang Feng-Chyuan and Mr. Lee 
Wei-Yi from National Taiwan University of Science and Technology, according to the 
procedures reported in the literature (Yu et al., 1999; Cave and Raston, 2001; Li et al., 
2005; Liaw et al., 2009). The synthesis routes for PFPTPA, PFPCz and PFPPy are 
illustrated in Figure 3.3, Figure 3.4 and Figure 3.5, respectively. Reagent or HPLC 
grade solvents were purchased from Fisher Scientific Ltd. All materials were used as 
received. The respective molecular weight, thermal properties, optical spectroscopic 
as well as electrochemical properties of PFPTPA, PFPCz and PFPPy are summarized 
in Figure 3.6 and Table 3.1. The ITO-coated glass substrates were purchased from 
Anhui Bengbu Huayi Conductive Film Glass Co. Ltd (PR China). The ITO coating 
later is around 180-250 nm with a sheet resistance of <10 Ω/□. 
 




Figure 3.3 Synthetic route for PFPTPA. 




Figure 3.4 Synthetic route for PFPCz. 




Figure 3.5 Synthetic route for PFPPy. 




Figure 3.6 UV-visible absorption spectra and cyclic voltammetry spectra of PFPTPA, 
PFPCz and PFPPy, respectively. 
Table 3.1 Material properties of PFPTPA, PFPCz and PFPPy. 
 Molecular Weight Thermal Properties UV-Vis CV 






PFPTPA 1.11 × 10
4
 1.79 117 432 395 1.08 
PFPCz 1.24 × 10
4
 1.44 > 350 418 393 1.30 
PFPPy 1.90 × 10
4
  1.95 237 432 395 1.30 
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Device fabrication and characterization 
The electrical properties of the fluorene polymers were characterized in 
Al/polymer/ITO sandwiched structures, as shown in Figure 3.7. The ITO-coated glass 
substrates were pre-cleaned by ultrasonication in de-ionized water, acetone and 
isopropanol, each for 15 min, in that order. A 50 µL toluene solution of the fluorene 
polymer (10 mg/mL) was spin-coated onto the pre-cleaned ITO-glass substrate, at a 
spinning speed of 2000 rpm for 60 s. The film was dried at room temperature under 
reduced pressure (10
-5
 Torr) overnight. The thickness of the film was typically about 
50 ~ 100 nm, as measured by a step profiler. Finally, Al was thermally evaporated 
onto the film surface at 10
-7







 square top electrodes with thickness of 300 nm. The 
devices were characterized under ambient conditions, using a Hewlett-Packard 4155B 
semiconductor parameter analyzer.  
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Fluorescence spectra of the polymer film in an Al/polymer/ITO device under different 
biases, imposed by a HP 6282A DC voltage source, were recorded in-situ on a 
Shimadzu RF-5301PC spectrofluorophotometer. High-resolution transmission 
electron microscopy (TEM) images were captured on a JEOL JEM 2010F field 
emission transmission electron microscope. The polymer film was cast onto a TEM 
copper grid, followed by drying under reduced pressure. A mercury drop was then 
introduced on top of the polymer film to form the Hg/polymer/Cu structure. A voltage 
was applied to the Hg droplet, with the Cu grid as the bottom electrode, using a 
Keithley 238 high current source measurement unit. High-resolution TEM images of 
the polymer film were subsequently obtained after removing the Hg droplet electrode. 
UV-visible absorption spectra of the polymer film spin-coated on ITO-glass substrate, 
and in different conductivity states, were obtained similarly with a removable Hg top 
electrode.  
Molecular Simulation 
Calculations of the electronic properties, including the dipole moment, optimized 
geometry, total charge density, electrostatic potential (ESP), and highest occupied 
molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) of the 
basic unit (BU), which includes all the functional moieties and segments of the 
polymers, were carried out on a Compaq ES40 supercomputer using the Gaussian 03 
program package and the density functional theory (DFT) at B3LYP/6-31G(d) level 
(Gaussian 03, Revision E. 01, 2004). 
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3.3 Results and Discussion 
3.3.1 Bistable conductivity switching and WORM memory effects of PFPTPA 
The electrical properties of PFPTPA in Al/polymer/ITO sandwich structure are 
illustrated by the current density versus voltage, or J-V, characteristics of Figure 
3.8(a). The J-V curves distinctively display two bistable conductivity states. Starting 
with the OFF state (low conductivity state) in the as-fabricated device, the current 
increases slowly with the applied negative voltage sweep (voltage is applied to Al 




 at -1.0 V, until the 







 (Sweep 1), indicating device transition from the low conductivity 
(OFF) state to the high conductivity state (ON State). This transition from the OFF to 
the ON state serves as the “writing” process for a memory device. Subsequent 
negative sweep (Sweep 2) shows that the device remains in its high conductivity state. 
Thus, “0” and “1” can be encoded from the corresponding low conductivity state 
(before writing) and high conductivity state (after writing), with an applied voltage 
(read voltage) in the range of 0 V ~ -2.0 V. After a reverse sweep up to + 6.0 V 
(Sweep 3) was applied, the device remains at its high conductivity (ON) state when 
read at a negative voltage (e.g., -1.0 V in Sweep 4). The J-V characteristics thereby 
indicate that the device behaves as a write-once read-many-times (WORM) memory. 
Figure 3.8(b) shows the ON/OFF state current ratio of the device as a function of the 
applied voltage. An ON/OFF state current ratio of about 10 has been achieved. 
Generally the on/off ratio is determined by the absolute values of both the ON state  
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Figure 3.8 (a) J-V characteristics of the Al/PFPTPA/ITO sandwich structure in the 
ON and OFF states, and (b) ON/OFF state current ratio of the device as a function of 
applied voltage. 
current density and the OFF state current density. In Figure 3.8 (b) a sudden increase 
in on/off ratio can be observed from -0.5 to -1.5 V, which corresponds to the increase 
in the OFF state current density in the J-V characteristics of Figure 3.8 (a). Because 
the present device was not tested in a completely isolated environment, any 
disturbance from the environment may cause significant changes in the device 
performance. For example, the device was characterized by probing directly on to the 
300 nm thermally evaporated Al top electrode, which is on top of the 100 nm fragile 
polymer thin film. Thus any mechanical or acoustical vibration may leads to the 
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vibration of the probing needle, which may in turn affect the contact with the Al 
electrode and compress/decompress the underlying polymer film. As a result the 
electrical properties of the device may deviate from the equilibrium and give rise to a 
sudden change in the current density. 
The electronic properties derived from molecular simulation, using the Gaussian 03 
program, provide a better understanding of the memory effects in PFPTPA. The 
HOMO (-5.37 eV) and LUMO (-1.38 eV) energy levels calculated for the basic unit 
(BU) of PFPTPA, together with the work functions (Φ) of ITO (-4.8 eV) and Al 
(-4.27 eV) (Ling et al., 2006), are summarized in Figure 3.9. The HOMO and LUMO 
energy level of PFPTPA are also deduced from cyclic voltammetry (CV) and 
UV-visible absorption band edge, according to the following equations: 
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             (3.2) 
    LUMO HOMO gE E E                                             (3.3) 
where EHOMO is the HOMO level while ELUMO is the LUMO level of the polymer 
Eonset(OX) is the onset oxidation potential, 4.8 is the reference energy level of 
ferrocene (FOC, 4.8 eV below the vacuum level), EFOC is the potential of FOC/FOC
+
 
vs. Ag/AgCl (0.4 eV, measured by cyclic voltammetry), Eg is the energy band gap, h 
is the Plank constant, c is the speed of light and λ is the wavelength of absorption 
band edge. The experimental values of the energy levels of HOMO and LUMO are 
about -5.52 eV and -2.38 eV, respectively. The difference in energy levels, especially 
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in the LUMO energy level, obtained from CV/UV-visible absorption measurements 
and molecular simulation are consistent with the difference in effective conjugation 
between the polymer chain and the basic unit. The lowest energy barrier (0.57 eV) is 
between the work function of ITO and the HOMO level of BU, suggesting that hole 
injection from ITO into the HOMO of PFPTPA (negatively biased with ITO as the 
anode) is a favored process. The injected holes can migrate through the continuous 
positive electrostatic potential (ESP) channel (in yellow) along the conjugated 
polymer chain (Table 3.2), and become trapped by the negative ESP region (in red) 
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Figure 3.9 HOMO and LUMO energy levels of the basic unit (BU) of PFPTPA, and 
work functions of ITO, CNT and Al. 
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Table 3.2 Molecular orbital and electrostatic potential surfaces of PFPTPA. 
 HOMO LUMO ESP 
Surfaces 
   
Energy 
Levels 
Calculated -5.37 eV -1.38 eV 
Dipole Moment: 
3.2314 Debye 
Experimental -5.52 eV -2.38 eV / 
To further explore the two conductivity states of the memory devices, a conduction 
mechanism is proposed, as shown in Figure 3.10, and the J-V curves for both the ON 
and OFF states are fitted with different current transport models (Figure 3.11). For 
this memory device under low negative biases (0 to -0.57 V), the J-V curve can be 






                                                        (3.4) 
where J is the current density, q is the number of charges per carrier, n is the density 
of charge carriers, μ is the mobility of charge carriers, V is the voltage applied to the 
device and d is the thickness of the film. The memory device is initially in its OFF 
state with a resistance of about 4.9×10
9
 Ω (Figure 3.11(a)). The difference in energy 
levels between the HOMO of BU and the work function of ITO leads to the formation 
of a Schottky barrier at the polymer/ITO interface. When the electric field (bias) is 
low, charge carriers do not have sufficient energy to overcome the Schottky barrier, 
and the Ohmic current is likely due to tunneling of charge carriers. The energy barrier 
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will be overcome when the applied voltage exceeds -0.57 V. Holes are now injected 
into the polymer layer through the ITO electrode and trapped near the interface, 
forming a space charge layer near the anode in the polymer film. The space charge 
layer screens the electric field and limits further hole injection. The space 
charge-limited current (SCLC) superimposed on the Ohmic tunneling current can be 











                                                      (3.5) 
where J is the current density, 0  is the absolute permittivity of PFPTPA, μ is the 
mobility of charge carriers, V is the voltage applied to the device and d is the 
thickness of the film. Once the applied bias approaches the switch-on voltage, 
majority of the traps are filled irreversibly by holes. When the threshold voltage is 
reached, electrons are excited from the triphenylamine donor into the pyridine 
acceptor, and Al starts to inject electrons into the polymer film. Upon the occurrence 
of CT interaction and double injection from electrodes, both the concentration and 
mobility of free charge carriers is increased in the “trap free” film, leading to the 
device transition from the OFF to the ON state. Because of the “weak” electron 
withdrawing ability of the pyridine moiety, only limited amount of electrons are 
transferred from the donor to the acceptor, giving rise to an ON/OFF state current 
ratio of ~ 10. The ON state current again can be modeled by the Ohmic model with a 
smaller resistance of 3.7×10
8
 Ω (Figure 3.11(b)). In general, this switching behavior is 
due to charge trapping and space charge inhibition of injection (Ma et al., 2002). 
Because of the asymmetric distribution of HOMO and LUMO on the basic unit of 
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PFPTPA, intra-molecular CT interaction is effectively stabilized, leading to the 
WORM behavior of the PFPTPA memory device. 
 
Figure 3.10 Conduction mechanism of the PFPTPA memory device. 








































































Figure 3.11 Experimental and fitted J-V characteristics of the PFPTPA device in the 
(a) OFF state and (b) ON state. 
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3.3.2 Tristable conductivity switching and WORM memory effects of PFPCz 
The current density versus voltage (J-V) characteristics of an Al/PFPCz/ITO 
sandwich structure is shown in Figure 3.12(a). The HOMO (-5.70 eV) and LUMO 
(-2.50 eV) energy levels of PFPCz (as deduced from CV and UV-visible absorption 
spectra measurements by using equations 3.1 ~ 3.3) and the work functions of both 
electrodes (-4.27 eV for Al and -4.80 eV for ITO) reveal that the energy barrier for 
hole injection from Al or ITO into the HOMO of PFPCz is much smaller than that for 
electron injection from either electrode into the LUMO of PFPCz, suggesting that 
hole injection will be much easier than electron injection in PFPCz. Thus holes are the 
dominant charge carrier in the polymer film and PFPCz is a p-type material. The J-V 
curves reveal tristable conductivity switching. Starting with the OFF state (low 
conductivity state), the current density increases slowly with the negative bias 
(voltage is applied to Al electrode). The current density remains low until the 







-1.8 V (Sweep 1), indicating device transition to the first high conductivity (ON-1) 
state. Subsequent negative and positive sweeps (Sweep 2 and Sweep 3, respectively) 
show that the device remains in this ON-1 state. Once the applied voltage exceeds 







, switching the device from the ON-1 state to the ON-2 state (second high 
conductivity state). The device remains in the ON-2 state in the subsequent negative 
sweep from 0 V to -2.5 V (Sweep 5). The transition from the OFF state to the ON-1 
state, or from the ON-1 state to the ON-2 state, serves as a “writing” process for the 
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memory device. Thus, bits of information can be encoded from the OFF state (before 
writing), and ON-1 and ON-2 state (the latter two states after writing), with a read 
voltage of 0 to -1.5 V (smaller than the switching voltages). After a sweep from 0 V 
to 2.5 V (Sweep 6), the device remains in its ON-2 state. The J-V characteristics, 
therefore, indicate that the device behaves as a write-once read-many-times (WORM) 
memory. All three conductivity states are accessible when read at -1 V, and remain 
stable when operating under a constant voltage stress of -1 V, as shown in Figure 
3.12(b). However, because of the conjugated diphenyl-pyridine-fluorene which may 
undergo oxidation degradation, the stability of the tristable device is limited. Both the 
two high conductivity state current densities drops after 30 min continuous operation. 
Devices with active areas of 0.4×0.4, 0.2×0.2, and 0.15×0.15 mm
2
 exhibit similar J-V 
characteristics, ruling out the possibilities of metallic filamentary effects (Henish and 
Smith, 1974) or leakage current under high electric field. Thus, the tristable 
conductivity switching effects can be attributed to the changes in physicochemical 
properties of the polymer film under the applied electric fields. 
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Figure 3.12 (a) J-V characteristics of the Al/PFPCz/ITO device in the low 
conductivity (OFF) state, first high conductivity (ON-1) state and the second high 
conductivity (ON-2) state, and (b) stability of the PFPCz device in the OFF, ON-1 and 
ON-2 states under a constant stress of -1 V.  
The J-V curves for the OFF, ON-1 and ON-2 states are fitted with different charge 
transport models (Figure 3.13). The memory device is initially in its OFF state, as 
shown by Sweep 1 of Figure 3.12(a). Due to its non-stoichomeric properties, ITO is 
meta-stable and can interact chemically with PFPCz at the polymer/ITO interface 
(Scott et al., 1996; Kugler et al., 1998).  The interaction between PFPCz and ITO  
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 Model Fitting-SCLC+Ohmic Current
(c)
  
Figure 3.13 Experimental and fitted J-V characteristics of the Al/PFPCz/ITO device 
in the (a) OFF state, (b) ON-1 state and (c) ON-2 state. 
results in the appearance of a weak and broad charge-transfer (CT) absorption band at 
400 to 700 nm in the UV-visible absorption spectrum of the PFPCz/ITO structure, as 
the absorption band is not observed in the PFPCz solution (Figure 3.14) and in the 
PFPCz film cast on quartz. The incipient CT interaction at the PFPCz/ITO interface, 
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and the formation of a space charge layer in the still regio-random polymer film 
containing the pyridine acceptor moieties (carrier traps), give rise to a 













                                  (3.6) 
where J is the current density, A is a positive constant, μ is the mobility of charge 
carriers, εε0 is the absolute permittivity of PFPCz, V is the voltage applied to the 
device, d is the thickness of the polymer film, k is the Boltzmann constant, T is the 
working temperature of the memory device and e is the charge of a single electron 
(1.6 × 10
-19
 C) (Figure 3.13(a)). 





















 PFPCz/ITO OFF state
 PFPCz/ITO ON-2 state
 
Figure 3.14 UV-visible absorption spectra of PFPCz in dilute toluene solution, and 
PFPCz thin film on ITO substrate in the OFF state and ON-2 state. 
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The non-planar nature of the basic unit of PFPCz (inset of Figure 3.15) prevents close 
stacking of the adjacent polymer chains, resulting in an amorphous and regio-random 
film in the as-fabricated device. However, the loose packing of the polymer chains in 
the film also allows a higher degree of conformational freedom. Under an applied 
field, the process of conformational ordering, arising from the charge carrier 
delocalization-induced donor-acceptor interaction to form partial or full face-to-face 
conformation of the fluorene and/or carbazole units, can propagate throughout the 
polymer layer. At the threshold value of 1.8 V, the formation of an effective charge 
transport channel for hopping between conformationally ordered adjacent fluorene 
and/or carbazole groups (Safoula et al., 2001) results in an abrupt increase in current 
density, switching the device from the OFF to the ON-1 state, as shown in Sweep 2 of 
Figure 3.12(a). In the ON-1 state, the current can be fitted by a combination of the 
SCLC and the Fowler-Nordheim tunneling current (Sze, 2007), as shown in Figure 
3.13(b),       
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        (3.7) 
where J is the current density, A and B are positive constants, μ is the mobility of 
charge carriers, εε0 is the absolute permittivity of PFPCz, V is the voltage applied to 
the device, d is the thickness of the film, k is the Boltzmann constant, T is the working 
temperature of the memory device, e is the charge of a single electron (1.6 × 10
-19
 C), 
m is the effective mass of the charge carrier, q is the number of charges per carrier and 
φB is the energy barrier and h is the Planck constant. 
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Figure 3.15 In-situ fluorescence emission spectra of the Al/PFPCz/ITO device with 
and without applied voltages (λEX = 372 nm). The inset shows the optimized geometry 
of the BU of PFPCz. 
The conformational ordering (involving transition from the OFF to the ON-1 state) is 
supported by in-situ fluorescence spectroscopy measurements of the Al/PFPCz/ITO 
device in the OFF and ON state at an excitation wavelength of 372 nm (Figure 3.15). 
The fluorescence spectrum of the PFPCz device in the OFF state (black curve) 
exhibits an emission peak with fine structures at around 410 nm, which is attributed to 
the excitonic emission of the non-interacting (monomeric) fluorene chromophore 
(Ranger et al., 1997; Bliznyuk et al., 1999). Vibronic emission pattern with a red-shift 
of 20 nm is also observed (black curve), corresponding to the vibrational levels of the 
ground state (McClure, 1958). Once a -2 V bias is applied to switch the device from 
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the OFF to the ON-1 state, the polymer film exhibits emission bands (red curve) in the 
longer wavelength region (480 nm and 520 nm, respectively), accompanied by a 
decrease in the monomeric emission intensity of the fluorene groups at 410 and 430 
nm. Fluorene polymers, which possess rigid chains with substantial intermolecular 
interactions, are prone to form cofacial structures (dimers and other aggregates) in the 
bulk. When a fluorene chromophore is excited from the ground state to the excited 
state, it can interact with an unexcited neighbor(s) to form excimer(s). In the ON-1 
state, the formation of fluorene excimers, via resonance of excitons or charge transfer 
interaction over two or more neighboring chromophores on different polymer chains, 
will results in a more delocalized low energy excited state complex, providing 
non-radiative relaxation pathways and reducing the emission efficiency relative to 
exciton luminescence. Consequently emission bands of lower energy excimers at 480 
and 520 nm are observed, and can be assigned to excimers incorporating two and 
three excited fluorene chromophores, respectively (Bliznyuk et al., 1999).Thus, the 
changes in emission bands are consistent with the increase in interchain interactions, 
or the formation of excimers under an applied electric field. Although the carbazole 
groups may also undergo field-induced conformational ordering as reported in the 
literature (Droplet et al., 2005; Choi et al., 2006), their excimer formation cannot be 
observed in the short wavelength region of the fluorescence spectra, probably due to 
energy transfer from the excited carbazole moieties (excitonic emission at ~ 360 nm) 
to the ground state fluorene moieties (excitation at 372 nm). Consistent with the 
non-volatile nature of the PFPCz memory device, the fluorescence emission spectra 
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obtained 10 min after turning off the power supply, and after re-applying a voltage of 
-5 V (green and blue curves, respectively), remain similar, except for a slight increase 
in the excimer emission intensity and a slight decrease in the monomeric peak 
intensity. The minor changes in emission spectra after power-off and after re-applying 
the voltage, nevertheless, indicate that the conformational change inside the polymer 
film lags behind the corresponding change in electric field. When a reverse voltage of 
up to 5 V is applied again to the device, the excimer emission bands (light blue curve) 
remain almost unchanged, verifying the non-reversible behavior of the PFPCz 
memory device. 
Conformational ordering in the PFPCz film is also captured by the high-resolution 
field-emission transmission electron microscopy (TEM) images. Compared to the 
completely amorphous nature of the PFPCz film in its original OFF state (Figure 
3.16(a)), the TEM images of the PFPCz film in the ON-1 state reveal micro-domains 
of ordered structures throughout the entire polymer film (Figures 3.16(b) to 3.16(d)). 
These ordered domains are indicative of the conformational ordering of the polymer 
chains and/or pendant carbazole groups from a random arrangement to a more 
regio-regular arrangement. Thus, the electric field-induced conformational ordering of 
the fluorene backbone, which is responsible for the conductivity switching from the 
OFF state to the ON-1 state in the PFPCz memory device, is ascertained by direct 
physical evidence, viz, the TEM images and the in-situ fluorescence spectra. Even 
though the changes in the in-situ fluorescence spectra and TEM images upon OFF to 
ON-1 transition can not confirm the comformational ordering of the pendant 
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carbazole moieties under the applied electric field, the fact that such a conformational 
ordering process with associated conductivity switching behavior is not observed in 
the PFPTPA device, nevertheless, suggests that the carbazole moiety play an 
important role in it. Since the polymer does not show any glass transition up to 350 
°C, the field-induced regio-regularity of the polymer thin film in the ON-1 state is 
readily retained. The conduction pathways, once established, will facilitate charge 
transport under both biases, and the device cannot be switched off by applying a 
reverse bias. 
 
Figure 3.16 High-resolution TEM images of a PFPCz film in (a) the OFF state, and 
(b)~(d) the ON-1 state. 
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Due to improved structural order of the PFPCz film after the first transition, CT 
interaction between PFPCz and ITO is further enhanced under increasing electric 
field. The coordinating ability of nitrogen hetero-atom in the carbazole pendant 
moieties (Joo et al., 2006) and the indium atoms from the non-stoichomeric 
indium-tin oxide (Schlatmann et al., 1996) will also promote the CT interaction at the 
polymer/ITO interface. Charge carriers can delocalize more effectively in the polymer 
film with increasing interfacial CT interaction and improved structural order. The 
increased CT interaction at the PFPCz/ITO interface results in a sharp increase in 
current density at the threshold voltage of -2.4 V, switching the device from the ON-1 
state to the ON-2 state. The current of the ON-2 state can be fitted by a SCLC 
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where J is the current density, A is a positive constant, μ is the mobility of charge 
carriers, εε0 is the absolute permittivity of PFPCz, V is the voltage applied to the 
device, d is the thickness of the film, k is the Boltzmann constant, T is the working 
temperature of the memory device, e is the charge of a single electron (1.6 × 10
-19
 C), 
q is the number of charges per carrier and n is the density of charge carriers. 
The interfacial CT-induced conductivity switching mechanism is also supported by 
the changes in UV-visible absorption of the polymer film in its OFF and ON-2 state 
(Figure 3.14). The UV-visible absorption spectra of PFPCz/ITO structure in its OFF 
and ON-1 state are similar, with a sharp peak at 381 nm and a broad band between 
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400-700 nm. The former is attributable to the π-π* transition along the conjugated 
diphenylpyridine-fluorene backbone. The observed red shift of the peak in the solid 
state (compared to that in dilute solution) is consistent with the increase in effective 
conjugation (Najechalski et al., 2001). After switching the polymer film to the ON-2 
state, the broad peak (CT band) at 400-700 nm is substantially enhanced, with the 
peak position remains unchanged. The enhanced absorption is consistent with the 
increase in interfacial CT interaction, and thus the concentration of conductive CT 
states at the PFPCz/ITO interface, made possible when the Al/PFPCz/ITO device is 
switched from the conformationally ordered ON-1 state to the ON-2 state. 





























Figure 3.17 J-V characteristics of the Al/PFPPy/ITO sandwich structure. 
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3.3.3 Electrical properties of PFPPy 
Device containing PFPPy can not be switched from a low conductivity state to a high 
conductivity state upon sweeping up to ±3 V, exhibiting the behavior of an electrical 
insulator (Figure 3.17). 
Rather than the electron donating nature of the triphenylamine and carbazole 
molecules, the pyrene pendant group in PFPPy is an electron acceptor moiety (in 
other words, the electron donating ability of pyrene moiety is far less effective than 
that of triphenylamine or carbazole group). Due to the lack of good electron donor in 
the side chain, intra-molecular charge transfer interaction is less likely to occur in 
PFPPy polymer. Furthermore, both the HOMO and LUMO of PFPPy are located at 
the pyrene groups (Figure 3.18). Thus, even if electrons can be excited from the 
HOMO into the LUMO of the basic unit, they are still unstable and will recombine 
easily with holes that are generated in the same pyrene moiety upon HOMO-LUMO 
excitation.  
As shown in Figure 3.14, upon transition from the ON-1 to the ON-2 state, the broad 
CT band in the 400-700 nm region of the UV-visible absorption spectra of PFPCz is 
substantially enhanced. Similar CT band is observed in the UV-visible absorption 
spectrum of PFPPy as shown in Figure 3.19, indicating ground state interaction 
between PFPPy and ITO also occurs at the interface. However, upon applying 
voltages with sufficient magnitude that can switch PFPTPA or PFPCz to a relatively 
high conductivity state, the peak position and lineshape of the spectrum of PFPPy 
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remain almost unchanged. Thus it is confident to conclude that the enhanced CT 
interaction in PFPCz device upon transition from the ON-1 to the ON-2 state, which 
is initiated by the interfacial chemical interaction between the polymer and the 
meta-stable ITO electrode, is not only an interfacial phenomena but also related to the 
intra-molecular interaction involving the pendant carbazole electron donating moieties. 
With the presence of good electron donating moieties in the pendant groups of PFPCz, 
the enhanced CT interaction in the delocalized carbazole-pyridine-fluorene-ITO 
system, seems to be the origin of the electrical conductivity switching behavior. 
Similar process also occurs in PFPTPA device and is responsible for the observed 
electrical bistability in the Al/PFPTPA/ITO structure. With a HOMO level of -5.70 eV 
and a LUMO level of -2.50 eV, as compared to that of the PFPTPA (-5.52 eV and 
-2.38 eV, respectively), both the energe bandgap of PFPCz copolymer and energy 
barrier for hole injection at PFPCz/ITO contact are a little larger than that of the 
PFPTPA device. Consequently the turn-on voltage of PFPCz device associated with 
the enhanced CT interaction (-2.4 eV) is larger than that of the PFPTPA device (-2.3 
V). The difference in the turn-on voltages of the two devices is in good agreement 
with the difference in the energy bandgap or hole injection barrier. Although fluorene 
groups are also present in the backbone of the copolymers, probably they do not 
participate in the charge transfer interaction but only provide a pathway for charge 
carrier transport along the polymer backbone, otherwise the pyridine-fluorene 
structure in PFPPy would also lead to intra-molecular CT interaction under sufficient 
high electric field and switch the device to a relatively high conductivity state. 
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Nevertheless, the relatively large dimension of the pyrene moiety also leads to 
significant spatial hindrance and omit the possibility of conformational ordering of the 
polymer film. As a result, the TEM images (Figure 3.20) of the PFPPy thin films does 
not show any ordered-domains when subjecting to ±3.5 V voltages. Consequently 
PFPPy does not exhibit electric field-induced conductivity switching behavior.  
 
Figure 3.18 HOMO and LUMO of PFPPy. 

























Figure 3.19 UV-visible absorption spectra of the PFPPy thin film with and without 
applied voltages. 




Figure 3.20 High-resolution TEM images of a PFPPy film (a) without and (b) with 















The electrical properties of three conjugated fluorene polymers, viz, PFPTPA, PFPCz 
and PFPPy, characteried in the Al/polymer/ITO sandwich structure device, show 
strong dependence on the molecular structures. The polymer backbone provides 
electron transport pathways while the pendant moieties control the switching behavior. 
With the C-C linked carbazole pendant groups and the conjugated fluorene polymer 
backbone, the Al/PFPCz/ITO devices are capable of exhibiting tristable electrical 
conductivity switching behavior. The device transition to the two relatively high 
conductivity states can be ascribed to the field-induced conformational ordering of the 
polymer chains, and the enhanced charge transfer interaction at the polymer/ITO 
interface as a result of increased structural ordering, respectively. The incorporation of 
electron-donor-acceptor structure allows PFPTPA device to exhibit charge transfer 
interaction-induced bistable electrical conductivity switching behavior. Both PFPTPA 
and PFPCz bistable devices exhibit the characteristics of WORM electronic memory 
effects. With the lack of regioregularity in pendant moieties or 
electron-donor-acceptor structures, PFPPy can neither undergo conformational 
ordering nor charge transfer interaction under an electric field. Device constructed 
from PFPPy exhibits electrical insulator behavior with a single conductivity state. 
Because of the conjugated backbone of the fluorene copolymers, which may undergo 
oxidation degradation under continuous operation in air, the stability of the fluorene 
polymer based memory devices is limited. To improve the stability of the memory 
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Polyimides (Figure 4.1) exhibit a broad range of distinguish properties, including the 
dielectric nature, chemical (solvent) resistance, low density, high mechanical 
flexibility and strength, and good thermal stability and heat resistance (Meador, 1998). 
Because of these unique properties, polyimides are widely used as photoresist, 
high-temperature adhesives, mechanical stress buffers and insulating films in the 
electronics industries. Very recently, polyimides have also been explored as active 
components in organic electronics, such as light-emitting diodes (Mal’tsev et al., 
2000), photovoltaics (Mühlbacher et al., 2001), xerography (Wang et al., 1998) and 
memory applications (Ling et al., 2006).  
 
Figure 4.1 Chemical structures of some polyimides. 
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Unlike their polythiophene, poly(phenylene vinylene) and polyfluorene counterparts, 
in which the π-conjugation system may readily undergo photo- or electric 
field-induced oxidation (Scott et al., 1996), polyimides are non-conjugated polymers 
and are more resistant to oxidation under optical illumination or imposed electric 
fields. Nevertheless, the large electron-negativiey of fluorine atoms provides strong 
electron withdrawing ability for an electron acceptor. In this work, the electrical 
properties of two copolymers incorporating hexafluoroisopropylidenediphthal-imide 
moieties (or 6FDA in short), namely, poly(2,6-diphenyl-4-((9-ethyl)-9H-carbazole)-p- 
yridinyl-alt-hexafluoroisopropylidenediphthal-imide) or PCz6FDA, and poly(2,6-dip- 
henyl-4-napathalene)-pyridinyl-alt-hexafluoroisopropylidenediphthal-imide) or PNa6- 
FDA, were characterized. The chemical structures of these imide copolymers are 
similar to those the fluorene copolymers in Chapter 3, except for using the 
non-conjugated 6FDA groups to replace the conjugated fluorene groups in the 
backbone. By employing non-conjugated diphenyl-pyridine-6FDA backbone with 
stronger electron withdrawing ability, it is the objective of this chapter to enhance the 
performance of polymer memories and demonstrate thermally stable WORM type 
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4.2 Experimental Section 
Materials  
The copolymers of PCz6FDA and PNa6FDA were prepared and characterized by 
Professor Liaw Der-Jang, Dr. Chang Feng-Chyuan and Mr. Lee Wei-Yi from National 
Taiwan University of Science and Technology, according to the procedures reported in 
the literature (Weiss, 1952; Liaw et al., 2003; Liaw et al., 2007). The synthesis route 
for PCz6FDA and PNa6FDA are illustrated in Figure 4.2 and Figure 4.3, respectively. 
Reagent or HPLC grade solvents were purchased from Fisher Scientific Ltd, purified 
by distillation under reduced pressure over calcium hydride and stored over 4-Å 
molecular sieves. The respective molecular weight, thermal properties, optical 
spectroscopic as well as electrochemical properties of PCz6FDA and PNa6FDA are 
summarized in Figure 4.4 and Table 4.1. The HOMO and LUMO energy levels of 
both polymers can be derived from the cyclic voltammetry spectra and UV-visible 
absorption spectra using Equations 3.1, 3.2 and 3.3. 
 




Figure 4.2 Synthetic route for PCz6FDA. 




Figure 4.3 Synthetic route for PNa6FDA. 




Figure 4.4 UV-visible absorption spectra and cyclic voltammetry spectra of 
PCz6FDA and PNa6FDA. 
Table 4.1 Material properties of PCz6FDA and PNa6FDA. 
 Molecular Weight Thermal Properties UV-Vis CV 






PCz6FDA 3.20 × 10
4
 1.77 > 350 516 372 1.15 
PNa6FDA 1.50 × 10
4
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Device fabrication and characterization 
The electrical properties of the imide polymers were characterized in Al/polymer/ITO 
sandwiched structures, as shown in Figure 3.6. The pre-cleaned ITO-glass substrates 
were treated with oxygen-plasma for 1.5 min to make the surface hydrophilic and 
facilitate the deposition of polymer thin film from polar solution. A 50 µL DMAc 
solution of the imide polymer (10 mg/mL) was spin-coated onto the pre-cleaned 
ITO-glass substrate, at a spinning speed of 2000 rpm for 60 s. The film was annealed 
at 60 °C under reduced pressure (10
-5
 Torr) overnight. The thickness of the film was 
typically about 50 ~ 100 nm, as measured by a step profiler. Finally, Al or Cu was 
thermally evaporated onto the film surface at 10
-7







 square top electrodes with thickness 
of 300 nm. The devices were characterized under ambient conditions, using a 
Hewlett-Packard 4155B semiconductor parameter analyzer. The Cu/PCz6FDA/ITO 
device was characterized at different temperatures on a Cascade Microchamber probe 
station, with a Keithley 4200 semiconductor parameter analyzer and a Temptronic 
temperature controlling system. High-resolution transmission electron microscopy 
(TEM) images of PCz6FDA thin film in the OFF and ON states were captured using a 
method similar to that for polyfluorene samples as described in Chapter 3. Molecular 
simulation was carried out as described in Chapter 3. 
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4.3 Results and Discussion 
4.3.1 Bistable conductivity switching and WORM memory effects of PCz6FDA 
The current density-voltage (J-V) characteristics of the Al/PCz6FDA/ITO structure 
reveal conductivity switching behavior and electrical bistability (Figure 4.5(a)). 
Starting with the low conductivity (OFF) state in the Al/PCz6FDA/ITO device, the 
current density increases gradually with the increase in applied negative voltage (Al 
as cathode). The current density remains low, until the threshold switching voltage of 
about -2.9 V is reached. At the threshold switching voltage, the current density 




 A, indicating that the device undergoes an 
electrical transition from the initial low conductivity (OFF) state to a high 
conductivity (ON) state at about -2.9 V with an ON/OFF state current ratio of 10
5
 
(read at -1.0 V). The transition from the OFF state to the ON state serves as the 
“writing” process for the memory device, and “0” and “1” can be encoded from the 
low conductivity state and high conductivity state, respectively. The device retains its 
ON state in the subsequent negative or positive biased sweeps, as well as when the 
power is turned off. Thus, the Al/PCz6FDA/ITO structure has the characteristics of a 
non-volatile WORM memory device. Both the OFF and ON states are stable under a 
constant voltage stress of -1.0 V for three hours (Figure 4.5(b)), or stable for up to 10
8
 
continuous read pulses of -1.0 V (pulse period = 2 µs, pulse width = 1 µs, Figure 
4.5(c)) without any conductance degradation. 
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Figure 4.5 (a) J-V characteristics of the Al/PCz6FDA/ITO sandwich structure. 
Stability of the Al/PCz6FDA/ITO device in the ON and OFF state, (b) under a 
constant stress of -1 V, and (c) under a continuous read pulse with a peak voltage of - 
1 V, a pulse width of 1 µs, and a pulse period of 2 µs. 
Chapter 4                                                          Imide Polymers 
82 
 
The pendant carbazole (Cz) group in PCz6FDA is a well known electron donor and 
hole transporter (Grazulevivius et al., 2003; Akcelrud, 2003; Morin et al., 2005), 
while the imide or 6FDA groups are good electron acceptors (Karcha and Porter, 1993; 
Greenfield et al., 1996). The optimized geometry of PCz6FDA with three repeat units, 
which corresponds to the minimum energy conformation in the OFF state, was 
obtained from molecular mechanics using Chem3D software (Figure 4.6(a)). The 
PCz6FDA backbone exhibits a gyration structure with the 
diphenyl-pyridine-carbazole (PCz) groups almost residing in the same plane. The 
planar structure of the π-conjugation systems (PCz groups) on neighboring polymer 
chains may also overlap to extend the electron delocalization. Such π-conjugation and 
electron delocalization can provide intra- and/or inter-chain charge carrier hopping 
pathways. However, the existence of non-conjugated 6FDA groups separates the PCz 
groups from each other, disturbs the effective electron delocalization and charge 
transport, leading to the initial low conductivity state of the Al/PCz6FDA/ITO device. 
The OFF state current can be fitted by a SCLC model (Equation 3.6) as shown in 
Figure 4.7(a). 




Figure 4.6 (a) Optimized geometry of PCz6FDA with three repeating units which 
corresponds to the minimum energy conformation simulated by molecular mechanics. 
(b) Energy level diagram of the basic unit and molecular components of PCz6FDA. 
Table 4.2 Molecular orbital and electrostatic potential surfaces of PCz6FDA. 
 HOMO LUMO ESP 
Surfaces 
   
Energy 
Levels 
Calculated -5.50 eV -2.59 eV 
Dipole Moment: 
4.9479 Debye 
Experimental -5.58 eV -2.24 eV / 
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When a negative voltage is applied, the Cz groups near the polymer/ITO interface are 
oxidized and holes are generated. With increase in the applied bias, holes are injected 
from the ITO interface to the bulk via hopping through the neighboring Cz groups 
(Safoula et al., 2001). Because of the electron-dificient structure of the imide the 
imide group and the large electron-negativity of fluorine atoms, 6FDA is a good 
acceptor with strong electron withdrawing ability (as indicated by the low LUMO 
level or large electron affinity of the 6FDA moiety in Figure 4.6(b), calculated by 
molecular simulation using Gaussian 03 program package and density functional 
theory (DFT) at B3LYP/6-31G(d) level). At the threshold voltage, a large number of 
electrons are excited from the HOMO of the PCz groups into the LUMO of the 6FDA 
groups, giving rise to a conductive charge-separated state of PCz6FDA and switching 
the device from the OFF to the ON state with an ON/OFF ratio of ~ 10
5
. The heavily 
asymmetric distribution of electron density in the HOMO and LUMO over the basic 
unit of PCz6FDA with a strong dipole moment of 4.95 Debye (as shown in Table 4.2), 
as well as the large energy difference between the LUMOs of pyridine (Py) and 6FDA 
moieties (Figure 4.6(b)) can stabilize the conductive CT complex and prevents 
electron back-transfer and charge recombination, leading to the WORM behavior of 
the Al/PCz6FDA/ITO device. The ON state current of the Al/PCz6FDA/ITO device 
can be fitted by an Ohmic conduction (Equation 3.4) as shown in Figure 4.7(b). 


































































Figure 4.7 Experimental and fitted J-V characteristics of the Al/PCz6FDA/ITO 
device in the (a) OFF state and (b) ON state. 



























Figure 4.8 UV-visible absorption spectra of PCz6FDA film on ITO substrate in the 
OFF and ON state. 
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The intra-molecular CT-induced switching mechanism is supported by the changes in 
UV-visible absorption of the polymer film upon OFF-ON transition (Figure 4.8). The 
UV-visible absorption spectra of PCz6FDA/ITO structure shows two peaks at 295 nm 
and 340 nm, respectively, as well as a broad band between 400-700 nm. The 
absorption maximum at 295 nm is attributed to n-π* transition of the pyridine group. 
The other peak at 340 nm suggests a lower π-π* transition energy for the polymer film, 
which is arising from the formation of aggregates in the solid state. As shown in 
Figure 4.6(a), this aggregate forms between diphenyl-pyridine-carbazole moieties on 
neighboring polymer chains. The broad band in the 400-700 nm region is due to the 
polymer/ITO chemical interaction at interface. After switching the polymer film to the 
ON state, both of the two shorter wavelength region peaks and the longer wavelength 
broad band are enhanced, with the peak/band positions remain unchanged. The 
absorption intensity at 295 nm increases because the number of the lone pair of 
electrons of the nitrogen on pyridine groups is increased as a result of the charge 
transfer from carbazole donor to the pyridine-6FDA acceptor. Under high electric 
field, the PCz6FDA chains in the film tends to re-pack to form more aggregates, with 
which the separated charge carriers can be delocalized more effectively in the 
extended π-conjugation stacking of the diphenyl-pydirine-carbazole system, giving 
rise to the enhancement in the aggregate absorption peak at 340 nm. To further 
facilitate the intra-molecular charge transfer, the interfacial polymer/ITO interaction 
also increases to intensify the charge carrier delocalization in the polymer/ITO 
structure and results in the increased absorption in the 400-700 nm region. The 
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enhanced absorption is consistent with the charge transfer mechanism, made possible 
when the Al/PCz6FDA/ITO device is switched from the OFF state to the ON state. 
As discussed in Chapter 3, the memory device constructed from PFPCz is capable of 
exhibiting tristable electrical conductivity switching behavior, which are ascribed to 
field-induced conformational ordering of the polymer chains (switching from the OFF 
to the ON-1 state), and enhanced charge transfer interaction at the PFPCz/ITO 
interface (switching from the ON-1 to the ON-2 state). PCz6FDA also possesses the 
same C-C linked carbazole moieties in the pendant chains that may under 
field-induced conformational ordering and give rise to associated conductivity 
switching phenomena. However, due to the presence of 6FDA moieties, PCz6FDA 
exhibits a highly nonplanar conformation at hexafluoroisopropyl moieties (Figure 4.9). 
The good thermal stability of the rigid pyridine hetero-cyclic diamine in the backbone 
also limits the conformational freedom of the polymer chains. Thus, even though 
PCz6FDA also tends to re-pack to form more aggregates in the polymer film under 
high electric field, the lack of structural planarity in the polymer backbone weakens 
the extending of the π-conjugation system. Consequently field-induced 
conformational ordering of the polymer film (Figure 4.10) and associated electrical 
conductivity switching behavior is not observed in PCz6FDA.  




Figure 4.9 Optimized geometry of basic unit of PFPCz, PCz6FDA and PNa6FDA. 
 
Figure 4.10 TEM images of PCz6FDA thin film (a) with and (b) without subjecting to 
a 4 V voltage.  
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Due to the high glass-transition temperature and decomposition temperature which 
promise the good thermal properties of PCz6FDA (summarized in Table 4.1), the 
stability of the bistable memory device is significantly enhanced. Both the OFF and 
ON state currents are stable for hours under continuous operation with a reading 
voltage of -1 V (Figure 4.5(b)), or stable for one hundred reading cycles under a 
continuous read pulse with a peak voltage of - 1 V, a pulse width of 1 µs, and a pulse 
period of 2 µs, in ambient environment. The PCz6FDA memory device also exhibits 
good stability at elevated temperature. As aluminum could be easily oxidized in air at 
high temperature, copper was used as the top electrode metal instead. Both the OFF 
and ON state currents of the Cu/PCz6FDA/ITO device (retrieved at -1 V) remain 
almost constant in the temperature range of 25 to 125 °C (Figure 4.11). The good 
thermal stability of the PCz6FDA memory device will help to guarantee the durability 
and reliability of the excellent device performance (high ON/OFF ratio of 10
5
) during 
continuous operation. Nevertheless, the metallic filamentary conduction mechanism 
(Joo et al., 2006; Jakobsson et al., 2007; Gomes et al., 2008) can be ruled out by the 
lack of an obvious temperature-dependent ON state current in the present devices, as 
the conductivity of metallic filaments should decrease linearly with the increase in 
temperature, following the behavior of a metal conductor. 
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Figure 4.11 Current density of the Cu/PCz6FDA/ITO device in both the OFF and ON 
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4.3.2 Electrical properties of PNa6FDA 
PNa6FDA has a similar chemical structure as PCz6FDA. Both polymers bear a 
diphenyl-pyridine-6FDA backbone, albeit the former possess an electron-transporting 
naphthalene (Na) pendant group (Kanbara et al., 1991; Dailey et al., 1998; Liaw et al., 
2007). Because of the same diphenyl-pyridine-6FDA backbone, which acts as an good 
electron acceptor and dominates the LUMO level of a donor-accpetor structure 
molecule, both PNa6FDA and PCz6FDA exhibit similar LUMO levels of around 
-2.60 eV, as calculated from molecular simulation using Gaussion 03 program 
package with density function theory (DFT) at B3LYP/6-31G(d) level. However, the 
week electron donating ability (or in other words, the electron withdrawing ability) of 
the pendant naphathelene group lowers the HOMO level of PNa6FDA, giving a 
relatively larger energy bandgap of 3.35 eV, as compared to the 2.91 eV bandgap of 
PCz6FDA. With the absence of good electron-donating groups as well as the 
relatively large energy bandgap, intra-molecular charge transfer interaction is less 
likely to occur in PNa6FDA. Furthermore, the twisted rigid polymer backbone 
(Figure 4.8 (c)) does not allow conformational ordering of the polymer chains (Figure 
4.12), and the PNa6FDA device does not exhibit any switching behavior but only a 
single low conductivity state when swept up to ±4 V (Figure 4.13). 




Figure 4.12 TEM images of PNa6FDA thin film (a) with and (b) without subjecting 
to a 4 V voltage. 
































Figure 4.13 J-V characteristics of Al/PNa6FDA/ITO device. 
 




The electrical properties of two non-conjugated polyimides, viz, poly(2,6-diphenyl-4- 
((9-ethyl)-9H-carbazole)-pyridinyl-alt-hexafluoroisopropylidenediphthal-imide) 
(PCz6FDA) and poly(2,6-diphenyl-4-napathalene)-pyridinyl-alt-hexafluoroisopropyl- 
idenediphthal-imide) (PNa6FDA) were characterized in Al/polymer/ITO structures. 
Bistable electrical conductivity switching behavior and thermally stable WORM type 
memory device exhibiting high ON/OFF state current ratio in excess of 10
5
 were 
demonstrated in device constructed from PCz6FDA. Both the OFF and ON states of 
the sandwich device are stable under a constant or a continuous pulse voltage stress of 
-1 V. Both the OFF and ON state currents of the Cu/PCz6FDA/ITO device are 
independent of temperature in the range of 25 to 125 °C, enhancing durability and 
reliability in device performance (high ON/OFF ratio and thus low misreading rate) 
during continuous operation. Device constructed from PNa6FDA exhibits a single low 
conductivity state and electrical insulator behavior. The conductance switching and 
memory behavior in PCz6FDA can be ascribed to field-induced intra-molecular 















































Poly(N-vinylcarbazole) (PVK) was found to be photoconductive in 1957 (Hoegl, 
1965). Upon absorption of electro-magnetic radiation, such as ultraviolet illumination, 
a sufficient number of electrons in poly(N-vinylcarbazole) are excited across the 
forbidden band gap and the number of free charge carriers increases significantly. 
When sensitized by suitable electron acceptors, such as 2’4’7-trinitrofluorenone 
(TNF), PVK can exhibit a high level photoconductivity that is useful in practical 
applications such as electrophotography (Schaffert, 1971). In addition to the 
photoconductive properties of carbazole-containing polymers, their ability to transport 
positive charges also makes them promising materials in many optoelectronic 
applications, including xerography, light emitting diodes and photovoltaics 
(Grazulevivius et al., 2003). Furthermore, the carbazole pendant groups can act as an 
electron donor and hole transport moieties Walsh and Burland., 1992). Recently, 
carbazole-containing polymers or composites have been used in both non-volatile and 
volatile memory devices (Ling et al., 2005; Lai et al., 2005; Choi et al., 2006; Ling et 
al., 2007; Lim et al., 2007; Liu et al., 2009).  
 
Figure 5.1 Chemical structures of (a) carbazole and (b) azobenzene. 
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On the other hand, azobenzene refers to a class of compounds that are basically 
composed of two phenyl rings linked by an N=N double bond, with different 
functional groups substituted on the phenyl rings (Figure 5.1(b)). Azobenzenes absorb 
light strongly in the visible region and are often used as dyes in industries. One of the 
most interesting properties of azobenzenes is the photo-switching arising from 
trans-cis isomerization, which makes them suitable for many applications (Sandhya et 
al., 2004). Under UV or blue light illumination, an azobenzene material can be 
switched between the two isomers reversibly (Figure 5.2). The cis-isomer, with its 
distorted configuration and thus the less effective π-electron delocalization, is less 
stable than the trans-isomer and will decay to the trans-isomer thermally. Due to their 
high photosensitivity and trans-cis isomerization under optical irradiation or electric 
field, azobenzene polymers have attracted extensive attention for potential 
applications in optical data storage, nonlinear optics, waveguide switches, and etc 
(Viswanathan wt al., 1999; Hagen, and Bieringer, 2001; Lee
 
et al., 2006; Alemani et 
al., 2006). Azobenzene compounds are also capable of trapping and storing electrical 
charges (Liu and Bard, 1998). Very recently, conductivity switching and electronic 
memory effects based on charge trapping in polymers with azobenzene chromophores 
have been demonstrated (Lim et al., 2009). 
 
Figure 5.2 Schematic diagram of trans-cis isomerization of azobenzene. 
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In this work, we explore the application of two vinylcarbazole-azobenzene polymers 
with pendant donor-trap-acceptor (D-T-A) structures, in nonvolatile electronic 
memories. The push-pull configuration of the pseudo-stilbene structure of the two 
PVK-AZO polymers, viz, poly(3-(4-nitrophenyl)-diazenyl-9-vinyl-carbazole-alt-9-vi- 
nylcarbazole) (PVK-AZO-NO2), and poly(3-(3,4-dicyanophenyl)-diazenyl-9-vinylc- 
arbazole-alt-9-vinylcarbazole) (PVK-AZO-2CN), which is characterized by 
substituting the 4 and 4' positions of the two azo rings with electron-donating and 
electron-withdrawing groups respectively, will lead to a strongly asymmetric electron 
distribution in the pendant groups and enhance the charge transfer characteristics of 
the molecules upon electrical excitation. Benefiting from these, we are trying to 
further enhance the performance of present charge transfer interaction based polymer 
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5.2 Experimental Section 
Materials  
The PVK-AZO polymers were prepared and characterized by Dr. Chen Yu and Mr. 
Zhuang Xiaodong from East China University of Science and Technology. Both 
polymers were synthesized via a post azo-coupling reaction following procedures 
reported in the literature (Figure 5.3) (Shi et al., 2004). All materials were used as 
received. The respective molecular weight, thermal properties, optical spectroscopic 
as well as electrochemical properties of PFPTPA, PFPCz and PFPPy are summarized 










(a) PVK-AZO-NO2 (b) PVK-AZO-2CN
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Figure 5.3 Synthetic routes for PVK-AZO-NO2 and PVK-AZO-2CN. 




Figure 5.4 UV-visible absorption spectra and cyclic voltammetry spectra of 
PVK-AZO-NO2 and PVK-AZO-2CN. 
Table 5.1 Material properties of PVK-AZO-NO2 and PVK-AZO-2CN. 
 Molecular Weight Thermal Properties UV-Vis CV 






PVK-AZO-NO2 5.52 × 10
4
 2.32 237 403 551 1.11 
PVK-AZO-2CN 6.43 × 10
4
  2.08 280 422 546 1.07 
 
Molecular Simulation  
Based on the ground state calculation using similar method as described in previous 
chapters, the corresponding electronic properties of the basic unit of the PVK-AZO 
polymers in the ON (excited) state were calculated using the Configuration 
Interaction approach involving single electron excitations method at the CIS/6-31G(d) 
level with the Gaussian 03 program package (Foresman et al., 1992; Foresman and 
Frisch, 1996). 
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5.3 Results and Discussion 
5.3.1 Bistable conductivity switching and WORM memory effects of 
PVK-AZO-NO2 
The UV-visible absorption spectra of PVK-AZO-NO2, both in dilute toluene solution 
and as a thin film on glass substrate, are shown in Figure 5.5. The optical absorption 
spectrum of the toluene solution of PVK-AZO-NO2 exhibits intensive peaks centered 
at 293 nm, 330 nm, and 342 nm, and a moderate broad band in the range of 360-550 
nm (Figure 5.5(a)). The sharp absorption peaks in the shorter wavelength region are 
attributed to π-π* electronic transition of the aromatic ring of the carbazole moieties 
(Kabouchi et al., 2001; Makowska et al., 2004), while the broad band at 360 - 500 nm 
range is due to the coupling between the n-π* and π-π* transition of the azobenzene 
chromophore (Shi et al., 2004; Hagiri et al., 2004; Cojocariu and Rochon, 2005). The 
azobenzene chromophores also exhibit absorption in the range of 300 - 400 nm, which 
is however shielded by the strong absorption of carbazole group in the same 
wavelength region. For the PVK-AZO-NO2 thin film on a glass substrate, the 
intensive absorption peaks at shorter wavelength merge into the moderate broad band 
at longer wavelength, as illustrated in Figure 5.5(b). In the solid state, polymer chains 
are stacked more orderly and closely as compared to their counterparts in solution. 
Consequently the π-π stacking of the carbazole aromatic ring is much enhanced. This 
intensified π-conjugation system thus increases the effective electron-delocalization, 
lowers the π-π* transition bandgap, and merges the optical absorption peaks of the 
carbazole moieties into that of the azobenzene chromophores. 
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Figure 5.5 UV-visible absorption spectra of PVK-AZO-NO2 (a) in toluene solution, 
and (b) as a thin film on glass substrate. 
The electrical properties of PVK-AZO-NO2 are illustrated in the current density 
versus voltage (J-V) characteristics of an Al/polymer/ITO sandwich structure, as 
shown in Figure 5.6(a). Bistable electrical conductivity switching and WORM-type 
memory effects are observed in the Al/PVK-AZO-NO2/ITO sandwich structure. 
Starting with the low conductivity state, the current density of the 
Al/PVK-AZO-NO2/ITO device increases slowly with increase in the applied voltage. 




 at -1 V), until the threshold voltage of 







, indicating device transition from the low conductivity (OFF) 
state to the high conductivity (ON) state with an ON/OFF state current ratio of ~ 10
5
. 
The ON state device retains its high conductivity state in the subsequent forward and 
reverse biased sweeps with applied voltages up to ±3 V, as well as when the power 
supply is turned off, suggesting the non-volatile write-once read-many-times (WORM) 
electronic memory characteristics of the Al/PVK-AZO-NO2/ITO sandwich device. 
The electrical transition from the OFF state to the ON state serves as the “writing” pr- 






















































































































Number of Read Cycles
 ON State
 OFF State
v = - 1 V
 = 1 s td= 2 s
......
 
Figure 5.6 (a) J-V characteristics of the Al/PVK-AZO-NO2/ITO sandwich structure. 
Stability of the Al/ PVK-AZO-NO2/ITO device in the ON and OFF state, (b) under a 
constant stress of -1 V, and (c) under a continuous read pulse with a peak voltage of -1 
V, a pulse width of 1 µs, and a pulse period of 2 µs. 
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ocess for the memory device, and thus bits of information can be encoded from the 
low conductivity state and high conductivity state in response to the applied voltage, 
respectively. Besides the large ON/OFF state current ratios in the present device, 
which promise a low misreading rate during operation, stability against constant and 
pulse voltage stresses are also important parameters in device performance. The ON 
and OFF states of the PVK-AZO-NO2 WORM memory device are stable under a 
constant voltage stress of -1 V, sustaining a high ON/OFF state current ratio in excess 
of 10
5
 for up to 5 hr (Figure 5.6(b)). The OFF and ON state currents are also stable for 
up to 10
8
 continuous read cycles at -1 V (pulse period = 2 µs, pulse width = 1 µs, 
Figure 5.6(c)). Upon proper encapsulation, the performance of the Al/polymer/ITO 
electronic memory devices is expected to improve. 
Due to the electron donating and hole transporting nature of the carbazole molecules, 
both WORM and rewritable (bistable/tristable) electronic memory devices have been 
demonstrated in Al/carbazole-containing polymer/ITO sandwich structure devices 
(Ling et al., 2005; Teo et al., 2006; Lim et al., 2007; Liu et al., 2009). Based on the 
unique molecular structures and electronic properties of these carbazole-containing 
polymers, switching mechanism based on charge transfer (CT) between the electron 
donor and acceptor moieties, as well as electric-field-induced conformational ordering 
of the polymer side chains/backbones, are proposed for the polymer electronic 
memories. On the other hand, the electron-withdrawing ability of the nitro moieties 
makes them good electron acceptors. With the presence of both electron donor 
(carbazole) and acceptor (nitro) in the basic unit of PVK-AZO-NO2, intra-molecular 
CT interaction can probably occur under an electric field in polymer thin films. 
Unlike the C=C double bond, the azo N=N double bond can also be considered as an 
electron-withdrawing group, thus allowing the azobenzene moieties for long-term 
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charge trapping and storage for optoelectronic data storage (Murov et al., 1993; Liu et 
al., 1998). Although the azobenzene group may block the direct CT interaction 
between the carbazole donor and nitro or cyano acceptor, it may also act as an 
intermediate electron trap to store the separated charge carriers and help to stabilize 
the CT state of the polymers (Hagiri et al., 2004; Lim et al., 2009).  
The OFF and ON state J-V characteristics of the PVK-AZO-NO2 bistable device are 
fitted with different charge transport models (Figure 5.7). Due to the energy difference 
between the molecular orbital (the highest occupied molecular orbital (HOMO), or the 
lowest unoccupied molecular orbital (LUMO)) energy levels of the polymer and the 
work function of the metal electrodes, Schottky barriers are formed at both 
Al/polymer and polymer/ITO interfaces in the negative voltage sweep (voltage is 
applied to the Al electrode). In the negative sweep electrons are injected from the Al 
top electrode while holes are injected from the ITO bottom electrode into the polymer 
thin film. With the lack of conjugated backbone in either polymer, charge carriers can 
only hop between the adjacent pendant groups, and are trapped by the negative ESP 
region arising from the intermediate azobenzene chromophores and the nitro terminal 
acceptors (in green) (Table 5.1). The trapped charge carriers will induce a space char 
rge layer in the polymer film near the electrodes and prevent further charge injection 
from the electrodes. Under a low bias, the trapped charges do not have sufficient 
energy/mobility to escape from the traps, and the small current is attributed to 
space-charge modulated Schottky injection (Figure 5.7(a)) (Murgatroyd 1970; Sze 
and Ng, 2007), 
2 3
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Figure 5.7 Experimental and fitted J-V characteristics of Al/PVK-AZO-NO2/ITO 
bistable device in the (a) OFF, and (b) ON state. 
where A and B are positive constants, μ is the mobility of charge carriers, εε0 is the 
absolute permittivity of the polymer, V is the voltage applied to the polymer film, d is 
the thickness of the polymer film, k is the Boltzmann constant, T is the operating 
temperature of the memory device, e is the charge of an electron (1.6×10
-19
 C) and φB 
is the height of Schottky barrier. 
Because of the presence of both electron donor and acceptor moieties, as well as the 
asymmetric distribution of the electron density in the basic unit, PVK-AZO-NO2 
exhibits a large ground-state dipole moment of 9.18 Debye. With sufficient energy 
(under high electric field) to overcome the charge trapping barrier, charge transfer 
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interaction can occur between the carbazole electron donor and nitro acceptor 
moieties. The resultant CT complex in the pendant D-T-A structure is more 
conductive, as compared to the pristine polymer film. At this stage, the majority of the 
charge traps (azobenzene chromophores) are filled, and a “trap-free” environment 
with higher charge carrier mobility is formed throughout the entire polymer film. The 
polymer device has therefore transited from the low conductivity (OFF) state to the 
high conductivity (ON) state. The asymmetric distribution of the electron density in 
HOMO and LUMO of the D-T-A structured pendant groups (Table 5.2), as well as the 
charge-trapping ability of the intermediate azobenzene chromophores, will stabilize 
the conductive CT state of the PVK-AZO polymer (Liu et al., 1998), leading to the 
non-volatile nature of the bistable memory device. As a consequence of the CT 
interaction, the electron density at the terminal nitro moiety (as shown by the negative 
region of the ESP surfaces in Table 5.2), as well as the dipole moment of 
PVK-AZO-NO2, has been much substantially increased. The increased dipole 
moment of the polymer (13.65 Debye) favours the holding of the separated/trapped 
charge carriers, and is responsible for the non-erasable WORM memory behavior of 
the Al/PVK-AZO-NO2/ITO bistable device under non-degrading electric fields. The 
ON state current can be fitted by a space-charged modulated Ohmic model of 
Equation 3.8 (Murgatroyd 1970; Sze and Ng, 2007), as shown in Figure 5.7(b). 
The UV-visible absorption spectra of the PVK-AZO-NO2/ITO structure are shown in 
Figure 5.8. The optical spectra of the PVK-AZO-NO2 thin film on ITO substrate are 
similar to those of the PVK-AZO-NO2 thin film on glass substrate, both exhibiting 
sharp absorption peaks at 304, 334 and 350 nm and a moderate band in the 360-800 
nm range (Kabouchi et al., 2001; Cojocariu and Rochon, 2005). Upon transition from 
the OFF state to the ON state using a removable Hg-droplet top electrode, the 
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absorption spectra show minor red-shift of the D-T-A absorption peaks and obvious 
broadening of the azobenzene absorption band. The red-shift of the D-T-A absorption 
peaks can be attributed to the enhanced π-π stacking of the conjugated systems under 
electric field, while the change in the azobenzene absorption band is in accordance 
with the formation of the CT complexes, which can lower the HOMO-LUMO band 
gap of the polymer and result in the broadening of the UV-visible absorption spectra 
into longer wavelength region. The changes in the peak position and lineshape of the 
UV-visible absorption spectra of the PVK-AZO-NO2 film also confirm the increase in 
the polarity and dipole moment of the polymer as a result of the CT interaction 
between the carbazole electron donor and nitro electron acceptor moieties. However, 
there is also possibility that both the CT interaction of carbazole with 
azobenzene-linkage and carbazole with the terminal nitro moiety contribute to the 
memory behavior. Also, the charge trapping effect of azobenzene moieties needs 
further confirmation. In this concern, the electrical properties of polymers without 
azobenzene chromophores or nitro moiety should be to be studied. 
The changes in the peak position and lineshape of the optical absorption spectra upon 
OFF-ON transition are not as significant as those of the reported photoisomerization 
of the azobenzene derivatives (Rau and Lüddecke, 1982; Lednev et al., 1996; Azuma 
et al., 1998; Lim et al., 2009). Furthermore, the long-term non-volatile nature of the 
PVK-AZO bistable devices is not compatible with the reversible trans-cis 
azobenzene-isomerization reaction. Nevertheless, the J-V characteristics of the 
present devices remain the same when tested in the presence and absence of light. 
Thus, the behavior is unlike that of the electrical bistability induced by the 
azobenzene-isomerization reaction under electric-field or light illumination. Devices 




, and 0.15×0.15 mm
2
 exhibit 
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similar J-V characteristics, ruling out the possibility that the electrical bistability is 
due to the random-distributed conductive filaments arising from the metallic Al or 
Al2O3 nanoparticles (Henish and Smith, 1974). 
Table 5.2 Dipole moments, molecular orbital and electrostatic potential surfaces of 
the D-T-A structure in PVK-AZO polymers 
 Ground State Excited State 
HOMO LUMO ESP ESP 
PVK-AZO-
NO2 
    
-5.823 eV -2.776 eV 9.18 Debye 13.65 Debye 
PVK-AZO-
2CN 
    
-5.987 eV -2.884 eV 11.73 Debye 11.81 Debye 
Work function of Al:  - 4.3 eV 
Work function of ITO: - 4.8 eV 





























Figure 5.8 UV-visible absorption spectra of the PVK-AZO-NO2/ITO structure in the 
OFF and ON states. 
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5.3.2 Bistable conductivity switching and WORM memory effects of 
PVK-AZO-2CN 
The Al/PVK-AZO-2CN/ITO device exhibits similar bistable electrical conductivity 
switching and associated WORM memory effect, with a lower switching threshold 
voltage of -1.7 V and a higher ON/OFF state current ratio of ~ 10
6
 (Figure 5.9(a)) in 
comparison with the Al/PVK-AZO-NO2/ITO device. The OFF and ON state currents 
can also be fitted with space-charge modulated Schottky injection model and a 
space-charge modulated Ohmic current, respectively.  
Due to the stronger electron-withdrawing ability of the two cyano terminal groups 
(indicated by the larger ground state dipole moment of 11.73 Debye, as compared to 
that of PVK-AZO-NO2, 9.18 Debye), CT interaction occurs earlier and easier in 
PVK-AZO-2CN, resulting in a smaller switching threshold voltage of -1.7 V in the 
PVK-AZO-2CN memory device. Upon the occurrence of CT interaction and 
conductivity switching, more electrons are transferred from the donor to the acceptor 
moieties, leading to a larger ON/OFF state current ratio of ~ 10
6
 in the 
PVK-AZO-2CN electronic memory device. 
Both the OFF and ON states of the PVK-AZO-2CN bistable device are stable under a 
constant voltage stress of -1 V for up to 5 h (Figure 5.9(b)), and stable for up to 10
8
 
continuous read cycles at -1 V (pulse period = 2 µs, pulse width = 1 µs, Figure 5.9(c)). 
Benefiting from the charge trapping ability of the azobenzene chromophores, the 
stability of both PVK-AZO-NO2 and PVK-AZO-2CN devices are enhanced and better 
than the polyfluorene and polyimide devices. 
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Figure 5.9 (a) J-V characteristics of the Al/PVK-AZO-2CN/ITO sandwich structure. 
Stability of the Al/ PVK-AZO-2CN/ITO device in the ON and OFF state, (b) under a 
constant stress of -1 V, and (c) under a continuous read pulse with a peak voltage of -1 
V, a pulse width of 1 µs, and a pulse period of 2 µs. 




The electrical properties of two vinylcarbazole-azobenzene polymers with pendant 
donor-trap-acceptor (D-T-A) structures, viz, poly(3-(4-nitrophenyl)diazenyl-9-vinylc- 
rbazole-alt-9-vinylcarbazole) (PVK-AZO-NO2), and poly(3-(3,4-dicyanophenyl)-di- 
azenyl-9-vinylcarbazole-alt-9-vinylcarbazole) (PVK-AZO-2CN), were characterized. 
Bistable electrical conductivity switching and non-volatile memory effects are 
demonstrated in Al/polymer/ITO structures containing the two PVK-AZO polymers. 
The J-V characteristics of the bistable devices are found to be dependent on the 
electron-withdrawing ability of the terminal acceptor moieties. With a nitro moiety as 
the terminal electron acceptor, the Al/PVK-AZO-NO2/ITO device exhibits write-once 
read-many-times (WORM) memory effect with a switching threshold voltage of -1.9 
V and an ON/OFF state current ratio of ~10
5
. With two cyano moieties as the stronger 
terminal electron acceptors, the PVK-AZO-2CN sandwich structure exhibits WORM 
memory effect with a lower switching threshold voltage of -1.7 V and a higher 
ON/OFF state current ratio of ~10
6
. The bistable conductivity switching and WORM 
memory effects in the present devices are attributed to the field-induced charge 
transfer complex formation in the D-T-A pendant groups (pull-push configuration) of 
the PVK-AZO polymers. Capitalizing on the charge trapping ability of azobenzene 
chromophores, the CT state of the D-T-A structure was substantially stabilized, 
leading to the WORM memory effects with high ON/OFF ratios in excess of 10
5
 and 













CHAPTER 6  
































First discovered by Iijima in 1991 (Iijima, 1991), the unique one-dimensional sp
2
 
atomic arrangement and the interesting electronic and physical properties of carbon 
nanotubes (Calvert, 1992; Pederson and Broughton, 1992; Hamada et al., 1992; 
Ajayan et al., 2000) make them ultimate carbon fibers for nanostructured materials. 
Polymeric materials and their composites with carbon nanotube (CNT) have found 
extensive applications in organic electronics over the past decade (Baughman et al., 
2002; Wang et al., 2004). Numerous molecular electronic devices, including light 
emitting diodes (Huang et al., 2005; Smith et al., 2005), photovoltaic cells (Ago et al., 
1999; Kiwanis and Amaratunga, 2002; Xu et al., 2005), transistors (Klinke et al., 2005) 
and sensors (Valentini
 
et al., 2005) have been demonstrated.  
Rather than the design-cum-synthesis strategy that can provide the required electronic 
properties within a single macromolecule, and yet still possesses good 
physicochemical and mechanical characteristics, mixing or doping is another desired 
approach to control and enhance the performance of polymer based memory devices. 
It is reasonable to expect that donor-acceptor interaction will significantly affect the 
charge transport processes in the bulk and at the interface of a doped or mixed system, 
and consequently will have an important influence on device performance (Chang et 
al., 2006). Nevertheless, in view of many interesting works on electrical switching 
and memory effects in doped or mixed polymer systems (Bandyopadhyay and Pal, 
2003; Bozano et al., 2005; Wang et al., 2006; Kanwal et al., 2006), the effect of 
doping level on the electrical behavior of polymeric systems seemingly deserves 
further exploration.  
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In this work, the enhancement of the performance of present polymer memory devices 
via doping with surfaced-modified carbon nanotube will be firstly investigated. Based 
on this, efforts will be also devoted to tune the electrical properties and control the 
conductivity switching behavior and memory effects of polymer-CNT composites. 
 











Chapter 6                                       Polymer-Carbon Nanotube Composites 
115 
 
6.2 Experimental Section 
Materials and reagents 
PFPTPA was synthesized via Suzuki coupling polymerization reaction as described in 
Chapter 3. Poly(N-vinylcarbazole) (PVK, Mn ~ 35,000, polydispersity ~ 2, density 
1.2g/cm
3
), tetrabutylammonium hydrogensulfate (Bu4NHSO4, 97%) and 
1-bromododecane (CH3(CH2)11Br, 95%) were purchased from Sigma-Aldrich 
Chemical Co. (St. Louis, Missouri, USA). Multiwalled carbon nanotubes (CNTs) 
were purchased from NanoLab Inc (Newton, Massachusetts, USA). The outer 
diameter, length, specific surface area, and purity of the CNTs were 15 nm, 5~20 µm, 
200~400 m
2
/g, and 95%, respectively. The density of multiwalled CNTs is about 2.1 
g/cm
3
 as reported (Qin et al., 2007). Reagent or HPLC grade solvents were purchased 
from Fisher Scientific Ltd. 
Carbon Nanotube Functionalization 
To improve compatibility of carbon nanotube with polymer matrix film, the surface of 
CNT was functionalized with linear alkyl chains, following procedures described in 
the literature (Figure 6.2) (Bahr et al., 2000; Wang et al., 2004; Li et al., 2005; Qin et al., 
2003). Multi-wall carbon nanotubes, instead of single-wall carbon nanotubes, were 
used because of their stability and ease of surface modification while maintaining 
their specific electrical properties. The carboxyl-functionalized multi-wall CNTs were 
first prepared via ultrasonication in 1:3 (volume ratio) mixture of concentrated nitric 
acid:sulfuric acid at 50 °C for 6 hr. The mixed acid treatment not only introduced 
carboxylic group onto the surface of the CNTs, but also removed the amorphous 
carbon and metal catalyst residues (Liu et al., 1998; Li et al., 2005; Aguirre et al., 
2006). Thus, the electrical properties of the CNTs were not affected by the conductive 
impurities. The acidic form of CNTs was converted into sodium salt by 
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ultrasonication in 5 mM aqueous NaOH solution. The sodium salt form of CNTs was 
refluxed with tetrabutylammonium hydrogensulfate and 1-bromododecane until the 
suspension became clear and the esterified CNTs precipitated out of the solution. The 
black solids were collected and dried in a vacuum oven at 50 °C overnight. The work 
function of the CNTs increased from - 4.3 to - 5.1 eV. The increase was due to the 
reduction in π conjugation of the CNTs and the increase in inward-pointing surface 
dipoles, caused by the presence of surface carboxylic groups (Ago et al., 1999). 
Esterification of the outer carboxylic groups probably would not affect the π 
conjugation further. Thus the work function of the esterified CNTs should be similar 
to that of the acid-treated CNTs (-5.1 eV). The surface-functionalized CNTs also 
exhibited improved dispersity in organic solvents. 
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Device Fabrication and Characterization  
The electrical properties of polymer-CNT composites were evaluated using similar 
method as described in previous chapters. The chemical states of the PVK-CNT 
composite films in the two bistable conductivity states were also analyzed by X-ray 
photoelectron spectroscopy (XPS). XPS measurements were carried out on a Kratos 
AXIS HSi spectrometer (Manchester, UK). The XPS samples were prepared using 
method similar to that for preparation of the polyfluorene TEM samples. UV-visible 
absorption spectra corresponding to the two bistable conductivity states of the 
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6.3 Results and Discussion 
6.3.1 Enhancement of the PFPTPA memory device performance via CNT doping 
The devices based on composite films of PFPTPA and carbon nanotubes (CNT, from 
0.1% to 10%) exhibit similar bistable switching behavior as that of the device based 
on the pristine PFPTPA film described in Chapter 3. Upon introducing CNTs into the 
PFPTPA film, both the OFF and ON state current densities increase. The device based 
on the PFPTPA composite thin film with 1% CNT exhibited a substantially larger 
ON/OFF state current ratio of 10
5
 and a significantly lower switch-on voltage of -1.7 
V (Figure 6.3). The plausible conduction mechanism involved is shown in Figure 6.4. 
The work function of CNT (~ -5.1 eV) is much lower than the LUMO energy level of 
PFPTPA (-1.38 eV), as shown in Figure 3.9. The energy barrier between work 
function of CNT and that of Al is only 0.07 eV. Thus, electron injection from Al into 
CNT is more favorable than hole injection from ITO into the HOMO of PFPTPA. 
Under low biases, electrons are injected into the CNTs and transported along the CNT 
axis. The current in the film under low biases (OFF state) can be modeled by the 
Ohmic model with a resistance of 2.9×10
8
 Ω for the device containing 1% CNTs 
(Figure 6.5(a)). When the applied negative bias is increased to -0.57 V, holes begin to 
be injected into the device. The injected charge carriers (electrons and holes) are 
trapped near the corresponding electrodes, as well as at the CNT-polymer interfaces, 
in the composite film, and cause the formation of space charge layers. The space 
charge-limited current in the OFF state can be modeled by Equation 3.5, as shown in 
Figure 6.5(a). When the applied bias approaches the switch-on voltage (~ -1.7 V), 
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Figure 6.3 (a) J-V characteristics of the PFPTPA-CNT device exhibiting ON/OFF 
states and (b) ON/OFF state current ratio of the device. The polymer matrix is 
composed of PFPTPA with 1% CNT. 
charge carriers along the CNT axis are injected into the LUMO of PFPTPA through 
the large interfacial area between the polymer and the CNTs, leading to a sharp 
increase in the current density.  The switching mechanism is thus due to the 
electric-field-induced charge transfer between the CNTs and the PFPTPA conjugated 
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chains. The ON state Ohmic current is modeled in Figure 6.5(b), with an ON state 
resistance of 1.2×10
3 Ω in the devices containing 1% CNTs. Devices with CNTs 
content of 0.1, 0.5, 1, 2, 5, and 10% all exhibit WORM type memory behavior. The 
bistable switching behavior of the CNT-containing polymer memory devices observed 
in the present work are in agreement with those reported in the literature. Switching 
and memory effects have been observed in conjugated polymer devices containing up 
to 33% of CNTs and have been attributed to charge transfer from the CNTs to 
conjugated polymer chains (Star et al., 2004; Pradhan et al., 2006). 
 
Figure 6.4 Conduction mechanism of the PFPTPA-CNT device containing 1% CNT. 
“○” stands for the atoms in PFPTPA backbone, and “□” stands for CNT. 
The effect of carbon nanotube concentration in the composite film on the switch-on 
voltage and ON/OFF state current ratio of the device is shown in Figure 6.6. Both the 
PFPTPA devices with and without CNT content exhibit WORM-type behavior. The 
switch-on voltage of the CNT-free device is about -2.3 V. The energy barrier for 
charge transfer from CNTs to the PFPTPA chains decreases with the increase in CNT 
content in the composite, resulting in a decrease in the switch-on voltage. Due to 
strong electron-withdrawing ability of the CNTs in the composite film, more electrons 




































































Figure 6.5 Experimental and fitted J-V characteristics of the 1% CNT-containing 
PFPTPA device in the (a) OFF state and (b) ON state. 
are captured by the CNTs under low negative biases. When the switch-on voltage is 
reached, a large number of electrons are injected across the large interfacial area into 
the LUMO of PFPTPA, resulting in a significant increase in the ON/OFF state current 
ratio with the increase in CNT content. When the saturation CNT content (~ 1%) is 
reached, the ON/OFF state current ratio of the CNT-containing device is in excess of 
10
5
 and the switch-on voltage is about -1.7 V. 
Chapter 6                                       Polymer-Carbon Nanotube Composites 
122 
 





















































Figure 6.6 Effect of the CNT content on the ON/OFF state current ratio and switch on 
voltage of the PFPTPA-CNT device. 
Parameters of importance to the performance of a memory device include ON/OFF 
state current ratio, read cycles, and retention ability. The large ON/OFF state current 
ratio of the CNT-containing device will allow a low misreading rate through the 
control of the ON/OFF state current. Under a constant stress of -0.5 V, the 
CNT-containing (1%) device can sustain a high current density in the ON state for up 
to 1.5 hr, as shown in Figure 6.7(a). Furthermore, the current densities in both ON and 
OFF states do not degrade for up to 10
8
 read cycles under a read pulse stress of -0.5 V 
and 2 µs duration (Figure 6.7(b)). Thus, both states are stable under a constant voltage 
stress and are insensitive to the read pulse of -0.5 V. The performance of the memory 
devices based on PFPTPA and its carbon nanotube composites compares favorably 
with those of the known single-layer polymeric WORM memory devices (Forrest, 
2004). It is expected that the performance of the device can be further improved when 
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the devices are properly encapsulated. Finally, the J-V characteristics for the devices 
with active areas of 0.4×0.4, 0.2×0.2, and 0.15×0.15 mm
2
 are independent of the 
device area, indicating that the electrical transition is not due to the formation of 
conductive filaments between the two metal electrodes or leakage current under a 
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Figure 6.7 (a) Stability of the PFPTPA-1% CNT device in the ON and OFF state 
under a constant stress of -0.5 V, and (b) effect of read cycle on the ON and OFF 
states at a read voltage of -0.5 V. The inset shows the read voltage pulse used. 
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6.3.2 Tuning of the electrical properties and controlling of the conductivity 
switching behavior and memory effects of PVK-CNT composites 
The electrical properties and switching behavior of the Al/PVK-CNT/ITO sandwich 
structures are illustrated by the current density-voltage (J-V) characteristics of Figure 
6.8. Due to the insulating nature of pure PVK, the PVK film without any CNT content 
exhibits only a low conductivity (insulating) state. Doping the film with 0.2% CNT 
does not affect the device performance significantly (Figure 6.8(a)), except for an 
increase in electrical conductivity. The J-V characteristics of devices with 0.5 and 1% 
CNT contents are similar, and both display distinctly bistable electrical conductivity 
states. Starting with the low conductivity (OFF) state in the device containing 1% 
CNT content (Figure 6.8(b)), the current density increases gradually with the increase 
in applied negative voltage (Al as cathode). The current density remains low, until the 
threshold voltage (turn-on voltage) of about -2.2 V is reached. At the turn-on voltage, 
the current density increases abruptly from 10
-4
 to 1 A/cm
2
 (Sweep 1), indicating 
device transition from the low conductivity (OFF) to the high conductivity (ON) state. 
In the subsequent negative sweep (Sweep 2), the device remains in its high 
conductivity state, with an ON/OFF state current ratio of about 10
4
 when read at -1 V. 
The transition from the OFF state to the ON state serves as the “writing” process for 
the memory device, and “0” and “1” can be encoded from the low conductivity state 
and high conductivity state, respectively. After a reverse sweep to +4 V (Sweep 3), 
the high conductivity state is maintained, thereby suggesting the write-once 
read-many-times (WORM) memory behavior for the 1% CNT-containing device. The 
device containing 0.5% CNT switches at a slightly higher voltage of -2.5 V with a 
slightly lower ON/OFF state current ratio of about 2×10
3
, and exhibits similar 
WORM memory switching behavior. 
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The device with 2% CNT content also exhibits bistable electrical switching behavior, 
as illustrated by the J-V characteristics of Figure 6.8(c). With the increased CNT 
content in the composite film, both the OFF and ON state current densities have 
increased. The device exhibits a significantly lower turn-on voltage of -1.8 V and an 
ON/OFF state current ratio of 5×10
3
 (Sweep 1). However, after reading the ON state 
in the negative sweep (Sweep 2), a positively biased sweep (Sweep 3) can program 
the ON state back to the original OFF state at 2.9 V. The positive voltage sweep thus 
serves as the “erase” process for the rewritable memory device. The OFF state of the 
device can be read (Sweep 4) and re-programmed to the ON state again in the 
subsequent negative sweep (Sweep 5), thus completing the 
“write-read-erase-read-rewrite” cycle. The cycle can be repeated with fairly good 
accuracy (inset of Figure 6.8(c)). The present ITO/PVK-CNT/Al devices were 
characterized under ambient conditions. The absorption and adsorption of air and 
moisture might have affected the electrical properties of the polymer and the 
polymer/metal interface (Hiroshiba et al., 2004). The electrical stress might also have 
an effect on the inherent electrical relaxation of the polymer and organic materials 
(Ling et al., 2008). Thus, a minor shift or fluctuation in switching voltages might be 
expected. The non-volatile and re-programmable switching behavior of the device 
based on the PVK-2% CNT composite film is characteristic of that of a rewritable 
memory. Further increase in CNT content results in a significant increase in the 
conductivity of the composite film, and devices with ≥ 3% CNT content all exhibit a 
single state conductor behavior (Figure 6.8(d)). 
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Figure 6.8 J-V characteristics of the Al/PVK-CNT/ITO devices containing (a) 0.2%, 
(b) 1%, (c) 2%, and (d) 3% carbon nanotubes. 
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The J-V characteristics of Cu/PVK-CNT/ITO devices exhibit similar bistable 
conductivity switching behavior, albeit with higher turn-on voltages (Figure 6.9). The 
increase in the turn-on voltage is consistent with the increase in the work function of 
metal electrode (-4.7 eV for Cu vs. -4.3 eV for Al, Weast and Astle, 1982), which 
leads to a higher energy barrier for electron injection from the electrode into the PVK 
matrix. The energy difference between the work function of Cu and the lowest 
unoccupied molecular orbital (LUMO) of PVK is 2.7 eV. However, the charge carrier 
injection barrier height at metal/PVK interface is still lower than the trap depth 
associated with the CNT/PVK interface (3.1 eV, or the energy difference between the 
work function of CNT, - 5.1 eV, and the LUMO of PVK, -2.0 eV) (Ago et al., 1999; 
Kawamura et al., 2002; van Dijken et al., 2004; Gohel et al., 2005; Lim et al., 2007). 
Regardless of whether the top metal electrode is Al or Cu, devices containing 1% 
CNT always exhibit WORM memory switching effect, while devices containing 2% 
CNT always exhibit rewritable memory switching effect. Thus, the conductance 
switching observed must be intrinsic to the PVK-CNT composite films. It has also 
been reported that the Al/polymer interface may play a role in the electrical 
bistability, and conductivity switching may occur in the native or electrically oxidized 
aluminum oxide layer (Cölle et al., 2006; Verbakel et al., 2007). However, the 
influence of any oxide layer on the switching phenomena observed in the present 
bistable conductivity switching devices can be ruled out by employing Cu or Au as 
the top electrode, since Cu and Au are more inert and are less likely to be oxidized. 
Conductive metallic filaments may also form during thermal evaporation of the top 
electrode, or upon application of an electric field to the sandwich device. The 
resistance of the filaments should increase linearly with the increase in temperature, 
following the behavior of a metallic conductor. Figures 6.9(a) and 6.9(b) show the 
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respective temperature-independent ON state currents of an ITO/PVK-CNT/Cu 
WORM memory device and a Cu/PVK-CNT/ITO rewritable memory device retrieved 
at -1 V. Both currents remain almost constant in the temperature range of 25 to 125 
°
C. Thus, the metallic filamentary conduction mechanism can be ruled out by the lack 
of an obvious temperature-dependent ON state current in the present devices. 
Moreover, it is unlikely that the filament formation is the origin of the conductance 
switching, because the J-V characteristics of the PVK-CNT composite films are 
strongly dependent on the content of carbon nanotubes. 
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Figure 6.9 J-V characteristics of the Cu/PVK-CNT/ITO devices containing (a) 1% 
and (b) 2% carbon nanotubes. 
The J-V characteristics of the insulator, bistable devices and conductor are fitted with 
appropriate charge transport models (Figure 6.10(a) to Figure 6.10(d)). Due to low 
CNT content in the composite films, PVK is the dominant component and serves as 
the matrix of the active layer in the present devices. CNT has a much higher work 
function (-5.1 eV) compared to the LUMO level of PVK (-2.0 eV), and is more likely 
to serve as the electron trapping center and electron transporter (Hiroshiba et al., 
2004; Bozano et al., 2005; Chang et al., 2006; Kanwal et al., 2006; Ling et al., 2008. 
Upon applying a negative voltage to the top (Al) electrode, electrons are injected into 
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the composite film and trapped by the CNTs. The trapped electrons will induce a 
countering space charge layer in PVK near the Al electrode. Under low bias, electrons 
do not have sufficient energy/mobility to escape from the isolated CNT trapping 
centers in the PVK matrix, and the small current is attributed to hole transport in the 
PVK matrix. The current of the insulator or the OFF state current of bistable devices 
can be fitted by a space-charge-limited current (SCLC) (Figure 6.10(a)) (Murgatroyd 
1970; Sze and Ng, 2007), where A is a positive constant, μ is the mobility of charge 
carriers, εε0 is the absolute permittivity of the composite film, and d is the thickness of 
the composite film.
 
Charge carriers can acquire activation energy from an external electric field, and their 
mobility increases with the applied voltage sweeps. In a 0.2% CNT-containing device, 
the large separation between nanotubes prevents the charge carriers from 
inter-nanotube hopping, resulting in a single low conductivity state. For devices 
containing 0.5 to 1% CNT, the distances between isolated nanotubes are reduced. At 
the threshold switching voltage, majority of the charge trapping centers are filled, and 
a trap free environment exists in the composite film. Percolation pathways for charge 
carriers among the CNTs are formed, allowing for inter-nanotube hopping and 
switching the devices from the low conductivity (OFF) state to the high conductivity 
(ON) state. The ON state currents of the WORM devices containing 0.5 to 1% CNT 
can be fitted by a space-charge (SC) modulated Frenkel-Poole emission current 
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Figure 6.10 Experimental and fitted J-V characteristics, and conduction mechanism 
of the Al/PVK-CNT/ITO devices containing (a) 0.2%, (b) 1% (ON state), (c) 2% (ON 
state), and (d) 3% carbon nanotubes. 
where A is a positive constant, μ is the mobility of charge carriers, εε0 is the absolute 
permittivity of the composite film, V is the voltage applied to the device, d is the 
thickness of the composite film, k is the Boltzmann constant, T is the ambient 
temperature, e is the absolute value of the unit electronic charge (1.6×10
-19
 C), B is a 
positive constant and φB is the energy barrier at the PVK-CNT interface (3.1 eV). 
With further increase in CNT concentration, the CNTs in the composite thin film can 
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come into direct contact with both electrodes, eliminating the space charge layer 
formed near the PVK-Al interface. The ON state current of the rewritable device 
containing 2% CNT can be fitted by
 
a space-charge free Frenkel-Poole emission 








                                         (6.2) 
where J is the current density, B as a positive constant, V is the voltage applied to the 
device, e is the absolute value of the unit electronic charge (1.6×10
-19
 C), k is the 
Boltzmann constant, T is the ambient temperature, εε0 is the absolute permittivity of 
the composite film and φB is the energy barrier at the PVK-CNT interface (3.1 eV). 
Due to the strong electron-withdrawing ability of CNT and the extensive 
π-conjugation along the CNT axis, electrons are deeply trapped in the CNT network 
and stabilized by the PVK matrix (electron donor and hole transporter) throughout the 
entire composite film (Johansson and Stafström 2003). Thus, even after the power 
supply is turned off, the CNT system still retains the trapped charge carriers and the 
charged state. Consequently the composite film remains in the high conductivity 
(trap-filled) state, leading to the non-volatile nature of the bistable device. When a 
reverse (positive) bias is applied to devices containing 0.5 to 1% CNT, the applied 
electric field is opposed by the build-in electric field associated with the space charge 
layer in PVK. The build-in electric field will prevent the trapped electrons from being 
neutralized or extracted, and the devices remain in the high conductivity state, 
characteristic of the behavior of a WORM memory. For the device containing 2% 
CNT, the CNTs may probably come into contact with the electrode. The energy 
difference between the work function of CNT (-5.1 eV) and the work function of Al 
(-4.3 eV), as well as the donor nature of the PVK matrix, will prevent the trapped 
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charges in CNTs from being detrapped when the power supply is turned off, leading 
to the non-volatile nature of the memory device. Upon application of a reverse 
(positive) bias of sufficient magnitude and with the elimination of the space charge 
layer in PVK near the polymer-electrode interface (when the CNTs come into contact 
with the electrodes), the trapped charges in the CNTs will be neutralized or extracted. 
As a result, the device returns to the original low conductivity state, characteristics of 
the behavior of a rewritable memory. For devices containing ≥ 3% CNT, continuous 
π-conjugated networks are formed in the bulk films arising from the close stacking of 
the carbon nanotubes (Rozenberg et al., 2004; Kanwal and Chhowalla, 2006). This 
continuous network allows effective transport of charge carriers even under low bias, 
making the devices highly conductive. The single high conductivity state in devices 
containing 3% or more of CNT can be fitted by the Ohmic current. (Figure 6.10(d)). 
As shown in the FE-SEM images of Figure 6.11, CNTs are well integrated into the 
polymer matrix and it is difficult to distinguish individual CNT from the PVK matrix. 
The effect of CNT content in the composite films on device performance, including 
current density, turn-on voltage and ON/OFF state current ratio, are summarized in 
Figure 6.12. The electrical conductivity of the composite films is enhanced by six 
orders of magnitude with the increase in CNT content from 0 to 3%. The turn-on 
voltage of the bistable devices decreases from -2.5 V to -1.8 V, as the CNT content is 
increased from 0.5% to 2%. The decrease in the distance between isolated nanotubes 
leads to a lower activation energy (percolation threshold) for effective charge carrier 
hopping, and thus a reduced threshold switching voltage. As a one-dimensional 
conductor along its axis, the orientation and alignment of CNTs are expected to have a 
significant effect on the electrical behavior of the composite films. Spin-casting of the 
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composites on ITO substrates leads to a thin composite film with planar and random 
orientation of CNTs in the film. Thus, the device behavior associated with charge 
carrier trapping and inter-CNT hopping will be directly dependent on the effective 
distance between neighboring CNTs, or the CNT content in the composite film. When 
CNT content is increased from 0.2 to 3%, the distance between isolated nanotubes is 
significantly reduced from 150 nm to 10 nm (Table 6.1) (Liu et al., 2009). A distance 
of 150 nm is too large for charge hopping in the PVK-0.2% CNT composite, 
compared to the diameter of individual carbon nanotube (15 nm). On the other hand, 
the effective distances of 30 nm (PVK-1% CNT composite) and 15 nm (PVK-1% 
CNT composite) are comparable to the diameter of individual carbon nanotube, and 
are suitable for charge hopping among individual nanotubes. Finally, at the effective 
distance of 10 nm (PVK-3% CNT composite), which is even smaller than the 
diameter of individual carbon nanotubes, continuous electron pathways probably have 
formed. Due to the strong electron-withdrawing ability of CNT, a large number of 
electrons are captured by the CNTs in the WORM device. The higher CNT content 
also provides a larger number of electron pathways throughout the entire composite 
film. Once the threshold voltage is reached, a larger number of electrons are 
transferred via the increased number of carrier pathways, resulting in a significant 
increase in the ON state current and a consequent increase in the ON/OFF state 
current ratio. With the further increase in CNT content to 2% and the simultaneous 
decrease in distance between isolated nanotubes, charge carrier transport along the 
electron pathways via inter-CNT hopping becomes easier and occurs earlier than that 
in the WORM device, resulting in less charge carriers being trapped before switching. 
Thus, a smaller ON/OFF state current ratio is observed in the rewritable device. 
 




Figure 6.11 FE-SEM images (cross-sectional view) of the PVK-CNT composite films 
containing (a) 0.2%, (b) 1%, (c) 2%, and (d) 3% carbon nanotubes. 
Table 6.1 Effective distance between neighboring CNTs in the PVK-CNT composite 
films and the corresponding device behavior. 





0.2 % 150 Insulator 
1 % 30 WORM memory 
2 % 15 Rewritable memory 
3 % 10 Conductor 
Diameter of CNT=15 nm   
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Figure 6.12 Effect of the carbon nanotube (CNT) content on the (a) current density 
[single-state (for the insulator and conductor devices) and OFF-state (for the electrical 
bistable devices) current densities when read at -1 V], and (b) turn-on voltage 
(absolute value) and ON/OFF state current ratio of the Al/PVK-CNT/ITO devices. 
Besides the large ON/OFF state current ratio, which reduces the misreading rate of the 
device during operation, stability against constant and pulse voltage stresses, as well 
as the switching time, are also important parameters in switching performance. The 
OFF and ON state currents in both the WORM and rewritable devices can be 
sustained under a constant voltage stress of -1 V for up to 3 hr, as shown in Figures 
6.13(a) and 6.13(b), respectively. The ON and OFF states of both the WORM 
memory device (Figure 6.13(c)) and rewritable memory device (Figure 6.13(d)) are 
stable for up to 10
8
 continuous read pulses of -1 V (pulse period = 2 µs, pulse width = 
1µs). The Al/PVK-CNT/ITO bistable devices have a switching time of ~ 10 µs 
(Figure 6.14), which is slower than the writing time (1 to 0.1 µs) of the commercial 
silicon-based memory devices (Ling et al., 2008). Upon proper encapsulation of the 
ITO/PVK-CNT/Al structure, the device performance is expected to improve. 
































































































































































































Figure 6.13 Stability of the ITO/PVK-CNT/Al devices containing 1% and 2% carbon 
nanotubes in the ON and OFF state, (a, b) under a constant stress of -1 V, and (c, d) 
under a continuous read pulse with a peak voltage of -1 V, a pulse width of 1 µs, and 
a pulse period of 2 µs. 


























Time (s)  
Figure 6.14. Transient response of current density in the Al/PVK-1% CNT/ITO 
bistable device. The inset shows a schematic diagram of the circuit used for switching 
time measurements. 




Surface-functionalized carbon nanotubes were prepared via phase-transfer reaction of 
carboxylate salts with alkyl halides. Linear alkyl chain-modified CNTs were obtained 
with improved compatibility with polymer matrix films. The as-modified carbon 
nanotubes can be dispersed in toluene at a concentration of 1 mg/mL. The 
performance of the PFPTPA bistable device was substantially enhanced when the 
electroactive polymer layer was mixed with carbon nanotubes. A lower switch-on 
voltage of -1.7 V and an enhanced ON/OFF state current ratio of 10
5
 were achieved in 
the Al/PFPTPA-1 wt% CNT/ITO structure. The enhancement of the device 
performance can be attributed to the reduced energy barrier for charge transfer from 
the CNTs to the polymer and the strong electron trapping ability of CNTs. 
Furthermore, through controlling the CNT content in the PVK-CNT composite film, 
electronic devices with a sandwich structure of Al/PVK-CNT/CNT are capable of 
exhibiting: (i) insulator behavior, (ii) bistable electrical switching behavior (WORM 
memory and rewritable memory effects) and (iii) conductor behavior. In addition to 
different device behavior, device performance parameters, including conductivity, 
turn-on voltage and ON/OFF state current ratio, can also be tuned by varying the 
doping level, or the CNT content, in the composite films. The controllable electrical 
properties and non-volatile electrical bistable switching effects in the composite films 
can be attributed to electron trapping in the carbon nanotubes embedded in the 
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As the thinnest material ever known in the universe, graphene has attracted 
tremendous attention since its successful preparation half a decade ago (Novoselov et 
al., 2004; Service, 2009; Geim, 2009). This one-atom-thick two-dimensional 
nano-crystal of carbon exhibits a range of distinguished properties, viz., high specific 
surface area (Stankovich et al., 2004), excellent mechanical stiffness (Lee et al., 2008) 
and flexibility (Dikin et al., 2007), and extraordinary thermal (Balandin et al., 2008) 
and electrical conductivity (Heersche et al., 2007), promising its potential applications 
in the next generation electronics. A number of graphene based electronics, including 
sensors (Schedin et al., 2007), solar cells (Wang et al., 2008), and light emitting 
diodes (Kim et al., 2008), have been demonstrated. However, the good electrical 
conductivity of graphene has also limited its application in conventional 
transistor-memories, as it never turns off to be encoded binarily. Moreover, graphene 
is insoluble in organic solvents, resulting in difficulty in processing and high cost of 
device fabrication when utilizing high-vacuum techniques.  
In this work, a simple method has been developed for preparing soluble 
poly(N-vinylcarbazole) functionalized graphene oxide (GO-PVK). Similar to the 
functionalization of other carbon nanostructure materials such as fulluerene (C60) or 
carbon nanotube, the grafting of alkyl or polymer chains onto the egde and surface of 
graphene oxide nanosheets may result in greatly enhanced compatibility with organic 
solvent and polymer matrix. Furthermore, the covalent bonding of polymer chains 
onto carbon nanostructure materials in a chemically modified system will give rise to 
uniformly dispersed and compatible components, and thus avoid phase separation or 
ion aggregation in the complex system, which is unfavorable to the performance of a 
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memory device. Nevertheless, the potential field-induced charge transfer interaction 
between the grafted electron donor polymer chains and the acceptor GO nanosheets 
may results in conductivity switching behavior and memory effects in the CT 
complex. It is the objective of this chapter to prepare a soluble and electroactive 
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7.2 Experimental Section 
Materials  
GO-PVK complex was prepared and characterized by Dr. Chen Yu and Mr. Zhuang 
Xiaodong from East China University of Science and Technology, following 
procedures reported in the literature (Figure 7.1) (Hummers and Offeman, 1958; Gilje 
et al., 2007; Zhang et al., 2010). Reagent or HPLC grade solvents were purchased 
from Fisher Scientific. All materials were used as received. 
 
Figure 7.1 Synthetic route for GO-PVK. 
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Device fabrication and characterization 
The electrical properties and memory effect of GO-PVK was characterized using 
similar method as described in previous chapters. 
Molecular simulation 
Calculations of the electronic properties, including the electrostatic potential (ESP) 
surface, highest occupied molecular orbital (HOMO) and lowest unoccupied 
molecular orbital (LUMO) of GO-PVK, were carried out similarly as described in 
previous chapters. In order to reduce the CPU time, as well as to have a better 
understanding of the electronic processes, a simplified GO-PVK model with only 
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7.3 Results and Discussion 
7.3.1 Material characterization 
Considering the chemical structure of graphene oxide, which contains carbonyl and 
carboxyl groups at the edge of the plane, graphene oxide can be chemically 
functionalized with organic molecules for incorporation into a polymer matrix 
(Stankovich et al., 2006; Eda and Chhowalla, 2009). However, the solubility of thus 
functionalized graphene oxide remains low, e.g., less than 2 mg/mL in organic 
solvents. To achieve a better dispersion and higher solubility of the electroactive 
graphene materials in organic solvent, an extended four-step approach (Figure 7.1) 
involving, (i) a modified Hummers-Offeman method of graphite oxidation (Hummers 
and Offeman, 1958; Gilje et al., 2007), (ii) amidation of carboxylic acid at the 
GO-edge with tolylene-2,5-diisocyanate (TDI) to produce the reactive GO-TDI 
(Stankovich et al., 2006; Eda and Chhowalla, 2009), (iii) reverse addition 
fragmentation chain transfer (RAFT) polymerization of N-vinylcarbazole in the 
presence of 2-(dodecylthiocarbonothioylthio)-2-methylpropanoic acid (DDAT, chain 
transfer agent) to produce the carboxyl terminated PVK-DDAT, and (iv) amidation of 
GO-TDI with PVK-DDAT to produce the soluble PVK-derivatized graphene oxide 
(GO-PVK), is employed. The covalently grafted polymer chains significantly enhance 
the compatibility of GO with organic solvents, and the as-modified graphene oxide 
can be dispersed uniformly into toluene with solubility up to 10 mg/mL.  




Figure 7.2 TGA results of GO, DDAT-PVK, GO-TDI and GO-PVK. 
The TGA result of GO-PVK in nitrogen reveals that the complex is thermally stable, 
with an onset decomposition temperature (Td) of 287 °C. When heated to 800 °C, 
GO-PVK still retains about 4% of the original mass. The residual mass is probably 
graphene. To convert the weight loading of graphene oxide in GO-PVK into volume 
loading, it is assumed that PVK has a density of 1.2 g/cm
3
 (information available on 
Sigma-Aldrich website at http://www.sigma-aldrich.com) while GO-PVK has a 
density of 2.2 g/cm
3
 (Stankovich et al., 2006). A 2.2% volume content of graphene in 
GO-PVK (exceeding the percolation threshold of 0.1 vol %) can be deduced based on 
the above assumptions. 
Because of the lack of contribution from the bulk properties, the physical properties of 
graphene can be dramatically altered by chemical modification (Schedin et al., 2007). 
The UV-visible absorption spectra of GO, GO-TDI, PVK-DDAT and GO-PVK are 
shown in Figure 7.3. In accordance with the gapless structure of graphene oxide, the 
optical absorption of GO extends though the entire visible region without any band 
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edge. With the huge difference in dimension between TDI molecules and graphene 
nanosheets, the optical absorption of GO-TDI does not differ significantly from that 
of GO. The covalently bonded vinyl carbazole polymer on graphene oxide, on the 
other hand, can disturb the two-dimensional sp
2
 hybridization and π-conjugation of 
the nanosheets significantly, leading to a much reduced absorption band of GO-PVK 
in the visible region, as well as the appearance of carbazole absorption peaks at 297, 
330 and 345 nm. Similar to that observed in carbon nanotubes (CNT), surface and 
edge functional groups play an important role on the electronic structure of modified 
graphene oxide (Ago et al., 1999). Quantum confinement of charge carriers by the 
grafted PVK chains may give rise to a significant energy bandgap in graphene oxide 
(Son et al., 2006; Han et al., 2007), allowing intra-molecular electron transition and 
activation of the functionalized GO for transistor and switching applications. 




























Figure 7.3 UV-visible absorption spectra of GO, GO-TDI, PVK-DDAT and 
GO-PVK. 
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Cyclic voltammogram (CV, Figure 7.4) was employed to study the electrochemical 
behavior of GO-PVK complex and to estimate its highest occupied molecular orbital 
(HOMO) and lowest unoccupied molecular orbital (LUMO) energy levels. The 
composite film coated on a Pt disk electrode (working electrode) was scanned (scan 
rate: 15 mV/s) anodically and cathodically in 0.1 M acetonitrile solution of 
tetrabutylammonium hexafluorophosphate (n-Bu4NPF6), with Ag/AgCl and a 
platinum wire as the reference and counter electrode, respectively. The HOMO and 
LUMO energy levels of GO-PVK can be calculated from the onset oxidation potential 
(EOX(onset)) and the onset reduction potential (ERED(onset)) using the Equation 3.1 
and 7.1 : 
-( ( ) 4.8- )LUMO RED FOCE E onset E                                       (7.1) 
where ELUMO is the LUMO energy level of GO-PVK, ERED(onset) is the onset 
reduction potential of GO-PVK, 4.8 is the reference level of ferrocene (FOC, 4.8 eV 
below the vacuum level) and EFOC is potential of FOC/FOC
+
 vs. Ag/AgCl (0.4 eV, 
measured by cyclic voltammetry). EOX(onset) and ERED(onset) for GO-PVK are +1.20 
and -0.82 V vs. Ag/AgCl, respectively. Thus, the HOMO and LUMO energy levels of 
GO-PVK relative to the vacuum level are estimated to be -5.60 and -3.58 eV, 
respectively. The so-obtained HOMO and LUMO energy levels of GO-PVK are 
comparable to those of its consanguinity of PVK-C60 (HOMO = -5.57 eV and LUMO 
= -3.56 eV, Ling et al., 2007). The energy band gap of 2.02 eV, which is the difference 
between the HOMO and LUMO energy levels of GO-PVK, can be deduced from 
onset potentials of oxidation and reduction. 
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Figure 7.4 Cyclic voltammogram of GO-PVK. 
The morphology of GO, GO-TDI and GO-PVK was characterized by X-ray 
diffraction (Figure 7.5). The pristine GO nanosheets show a (002) diffraction peak at 
8.8° (2θ), corresponding to a d-spacing of 1.0 nm. The interlayer spacing of GO-TDI 
(2θ ~ 4°, 2.2 nm) is much larger than that of GO, indicating that the layers of GO-TDI 
are further exfoliated and curved. After functionalizing GO-TDI with carboxyl group 
terminated amorphous PVK, two diffused scattering peaks at 2θ ~ 8° and 2θ ~ 20°, 
associated with amorphous PVK-DDAT and overlapping peaks of GO nanosheets, 
respectively, are observed in GO-PVK. The XRD results indicate that the crystalline 
structure of graphene oxide has been maintained after covalent functionalization with 
TDI and PVK. 
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Figure 7.5 X-ray diffraction patterns of GO, GO-TDI and GO-PVK. 
The AFM images of GO and GO-PVK, prepared by depositing the corresponding 
dispersions on newly cleaved mica surfaces and drying under vacuum, are compared 
in Figure 7.6. As shown in Figure 7.6(a), characteristic thickness of graphene oxide is 
0.64 - 0.80 nm. The thickness of graphene oxide is consistent with that measured by 
XRD analysis, indicating full exfoliation of GO nanosheets from original graphite. 
Chapter 7                              Poly(N-vinylcarbazole)-Graphene Oxide Complex 
149 
 
The thickness of GO-PVK (Figure 7.6(b)) is measured to be ~ 10 nm, and is much 
larger than the vertical dimension of the GO single layer. Upon chemical modification, 
the GO nanosheets are well wrapped by the covalently bonded polymer chains, 
leading to the increased inter-plane spacing of the GO-PVK composite material. 
Nevertheless, the significant van der Waals interaction between the covalently bonded 
polymer chains may result in aggregation of the individual GO-PVK nanosheets, 
leading to a much larger thickness of the material compared to that of the graphene 
oxide. 
 
Figure 7.6 AFM images of (a) graphene oxide (0 - 5 µm, scale bar 0 - 5 nm) and (b) 
GO-PVK (0 - 15 µm, scale bar: 0 - 50 nm) deposited on a mica surface from an 
aqueous and THF dispersion, respectively. 
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7.3.2 Bistable conductivity switching and rewritable memory effects of GO-PVK 
The electrical properties of GO-PVK are demonstrated in the current density-voltage 
(J-V) characteristics of an Al/GO-PVK/ITO structure, as shown in Figure 7.7(a). 
Starting with the low conductivity (OFF) state in the as-fabricated device, the current 
density increases slowly with the increase in applied negative voltage (Al as cathode). 
The current density remains low, until the turn-on voltage of about - 2.0 V is reached. 
At the turn-on voltage, the current density increases abruptly from 10
-2
 to 10 A/cm
2
 
(Sweep 1), indicating device transition (write process) from the low conductivity 
(OFF) state to the high conductivity (ON) state. The ON state can be retained after 
removing the power supply (Sweeps 2 and 3). After reading the ON state in the 
positive sweep (Sweep 4), a positively biased sweep with sufficient magnitude of 3.5 
V (Sweep 5) can program the ON state back to the initial OFF state (erase process). 
The OFF state of the device can be read (Sweeps 6 and 7) and re-programmed (Sweep 
8) to the ON state again in the subsequent negative sweeps, thus completing the 
“write-read-erase-read-rewrite” cycle for a non-volatile rewritable memory device. 
Both the OFF and ON states of the GO-PVK device are accessible and stable under a 
constant voltage stress of -1 V for up to 3 hours (Figure 7.7(b)), or under a pulse 
voltage stress of -1 V for up to 10
8
 continuous read cycles (pulse period = 2 µs, pulse 
width = 1 µs, Figure 7.7(c)). The operation cycles can be repeated with fairly good 
accuracy (inset of Figure 7.7(a)), despite minor variation in the write and erase 
voltages. The present Al/GO-PVK/ITO device was characterized under ambient 
conditions. Thus, air and moisture might have an effect on the electrical properties of 
the functionalized graphene oxide and the GO-PVK/metal interface (Hamed et al., 
1993; Sberveglieri et al., 1996). Electrical stress might also have an effect on the 
inherent electrical relaxation of the polymer and organic materials (Ling et al., 2008). 















































































































































Figure 7.7 (a) Current density-voltage (J-V) characteristics of the Al/GO-PVK/ITO 
structure. Stability of the Al/GO-PVK/ITO device in the ON and OFF state, (b) under 
a constant stress of -1 V, and (c) under a continuous read pulse with a peak voltage of 
-1 V, a pulse width of 1 µs, and a pulse period of 2 µs.  
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Arising from the giant π-electron conjugation system in the two-dimensional sp2 
honeycomb lattice, graphene exhibits a gapless electronic spectrum which leads to 
excellent but non-switchable electrical conductivity and poses a challenge for 
electronic applications (Martin and Blanter, 2009). After covalently functionalization 
with PVK-DDAT, the vinyl carbazole polymer can effectively disturb the 
π-conjugation of graphene nanosheet, and gives rise to a significant energy bandgap 
in GO-PVK. Similar to C60 and carbon nanotubes (CNT), the large number of 
aromatic rings make graphene a good electron acceptor (A), while PVK is a well 
known electron donor (D) and hole transporter (van Dijken et al., 2004; Liu et al., 
2009). The intra-molecular D-A structure allows charge transfer (CT) interaction or 
HOMO-LUMO electron transition to occur, as is evident from the fluorescence 
spectrum of GO-PVK in Figure 7.8. The photoluminescence of carbazole moieties 
(excited at the wavelength of 340 nm) in GO-PVK is quenched considerably, as 
compared to that of PVK-DDAT with comparable concentration of vinyl carbazole 
repeat units. The decay of the excited singlet state of carbazole can be ascribed to CT 
between the carbazole moieties and graphene nanosheets. 
350 400 450 500 550 600 650 700













































Figure 7.8 Fluorescence spectra of PVK-DDAT, GO-TDI, and GO-PVK. 
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The plausible bistable switching and conduction mechanism of the GO-PVK complex 
is illustrated in Figure 7.9. Due to scattering at the surface or edge defects arising 
from the epoxide and carbonyl groups, the electrical conductivity of functionalized 
graphene oxide is several orders of magnitude lower than that of the reduced graphene 
oxide or graphite (Hwang et al., 2007). The grafted polymer forms a thin coating layer 
on the surface of graphene oxide, acting as a tunneling barrier for charge transport 
between neighboring GO nanosheets and limiting the overall conductivity of the 
complex (Connolly et al., 2009). The as-fabricated Al/GO-PVK/ITO device is thus in 
the low conductivity (OFF) state. At the switching threshold voltage, electrons transit 
from the peripheral vinylcarbazole moieties (HOMO) into the central graphene oxide 
nanosheet (LUMO) via intra-molecular CT interaction (Figure 9(b)). The transferred 
electrons can delocalize effectively in the giant π-conjugation system and reduce the 
graphene oxide (Robinson et al., 2008; Elias et al., 2009). In the reduced graphene 
form, electrons can propagate freely with less scattering (Fang et al., 2008: Martin and 
Blanter, 2009), giving rise to a substantially enhanced conductivity (~ 10
-2
 S/m) of the 
complex. With a graphene weight content of 4% (exceeding the percolation threshold 
of 0.1 vol %), efficient charge transport pathways will form, via inter-plane hopping 
in thin film of reduced graphene oxide, and switch the device from the OFF state to 
the ON state. Due to the presence of the polymer tunneling barrier, the ON state 
conductivity is still lower than that of the pure graphene nanosheets (Stankovic et al., 
2008; Connolly, 2009). Effective electron delocalization in reduced GO nanosheet can 
stabilize the CT state of the complex, leading to the non-volatile nature of the memory 
device. However, application of a reverse positive bias to the device can extract 
electrons from the reduced GO nanosheet, returning the complex to the initial less 
conductive oxide form and programming the device back to the OFF state. 




Figure 7.9 (a) Molecular orbitals and electric field-induced electronic processes from 
the ground state to the charge transfer state, and (b) plausible switching mechanism of 
GO-PVK. (The schematic 3D chemical structure of GO-PVK is simplified for better 
understanding of the electronic process in the molecule). GO stands for graphene 
oxide and RG stands for reduced graphene. 
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In accordance with the rewritable bistable switching behavior, the cyclic 
voltammogram (CV) of GO-PVK (Figure 7.4) exhibits a reversible redox behavior, 
with an onset oxidation potential of +1.20 V and an onset reduction potential of -0.82 
V (vs. Ag/AgCl). The HOMO and LUMO energy levels of GO-PVK at, -5.60 eV and 
-3.58 eV, respectively, can be deduced from the onset oxidation and reduction 
potentials (Bredas et al, 1983; Lee et al., 2001), giving an energy bandgap of ~ 2.0 
eV. The 2.0 eV energy bandgap in GO-PVK, which has to be overcome in order for 
intra-molecular CT or HOMO-LUMO electron transition to occur, is consistent with 
the turn-on voltage (-2 V) of the memory device. Thus, the proposed CT and redox 
mechanisms that account for the electrical bistability and memory effect in GO-PVK 
are consistent with the photoluminescence and electrochemical behavior of the 











The solution-processable graphene oxide-donor polymer (GO-PVK) CT complex, 
prepared by covalent coupling of GO-TDI with end-functionalized PVK 
(PVK-DDAT) from RAFT polymerization, exhibits an enhanced solubility of 10 
mg/mL in organic solvents and a significant energy bandgap of ~ 2.0 eV. Bistable 
electrical conductivity switching and non-volatile rewritable (Flash) memory effect, 
with a turn-on voltage of about -2 V and an ON/OFF state current ratio in excess of 
10
3
, are demonstrated in the Al/GO-PVK/ITO structure. The electrical transition of 
the GO-PVK bistable device, which is oscillating between the low conductivity (OFF) 
state and the high conductivity (ON) state, was ascribed to field-induced charge 
transfer interaction between the peripheral vinylcarbazole electron-donating moieties 
(HOMO) and the central graphene oxide electron-accepting nanosheet (LUMO), and 
subsequent reversible redox behavior of the graphene nanosheet between the oxidized 
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In this work, molecular design and synthesis of novel polymers, or the formation of 
polymer composites with functionalized carbon nanotubes and graphene oxide 
nanosheets, have been carried out to prepare electroactive polymers and 
nanocomposites suitable for stable electrical switching applications. Bistable or 
tristable electrical conductivity switching behavior and resistor-type non-volatile 
electronic memory effects were demonstrated in these materials. The electrical 
properties and the underlying switching and conduction mechanisms of the 
polymer-based electroactive materials were investigated in detail via electrical 
property measurement and molecular simulation.  
First, three conjugated fluorene polymers, viz, PFPTPA, PFPCz and PFPPy, were 
adopted from the previous study of our group on light emitting diodes. The electrical 
behavior of these polymers, explored in Al/polymer/ITO sandwich structures, exhibits 
strong dependence on the molecular structure of the materials. The polymer backbone 
provides electron transport pathways while the pendant moieties control the switching 
behavior. The incorporation of electron-donor-acceptor structure allows PFPTPA 
device to exhibit charge transfer interaction-induced bistable electrical conductivity 
switching behavior. With the C-C linked carbazole pendant groups, the Al/PFPCz/ITO 
devices are capable of exhibiting tristable electrical conductivity switching behavior, 
associated with the field-induced conformational ordering of the polymer chains and 
the enhanced charge transfer interaction at the polymer/ITO interface. Both PFPTPA 
and PFPCz bistable devices exhibit the characteristics of WORM electronic memories. 
With the lack of regioregularity in pendant moieties or electron-donor-acceptor 
structures, PFPPy can neither undergo conformational ordering nor charge transfer 
interaction under an electric field. Devices constructed from PFPPy only exhibit 
electrical insulator behavior with a single conductivity state.  
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Even though the large π-electron conjugation system provides fluorene polymers with 
the unique ability to act as hole conductors, optoelectronic devices based on 
polyfluorenes may undergo oxidation degradation arising from the oxidation of the 
C=C double bonds. In this regard, high-temperature (or thermally stable) polymers, in 
particular polyimides, are more promising candidates for practical applications. Two 
non-conjugated imide polymers, poly(2,6-diphenyl-4-((9-ethyl)-9H-carbazole)-pyrid- 
inyl-alt-hexafluoroisopropylidene-diphthal-imide) (PCz6FDA) and poly(2,6-d- 
iphenyl-4-napathalene)-pyridinyl-alt-hexafluoroisopropylidenediphthal-imide) (PNa- 
6FDA) have been investigated for memyry applications. The incorporation of the 
non-conjugated hexafluoroisopropylidenediphthalimide (6FDA) moiety in the 
polymer backbone, which provides stronger electron withdrawing ability as compared 
to the pyridine electron acceptor in fluorene copolymers, can significantly enhance the 
thermal stability and field-induced CT characteristics of the material. Bistable 
electrical conductivity switching behavior and thermally stable WORM type memory 
device exhibiting high ON/OFF state current ratio in excess of 10
5
 was demonstrated 
in the Al/PCz6FDA/ITO sandwich structure. Both the OFF and ON state currents of 
the Cu/PCz6FDA/ITO device independent of temperature in the range of 25 to 125 °C, 
enhancing durability and reliability of the device performance during continuous 
operation. The conductance switching and memory behavior in PCz6FDA can be 
ascribed to field-induced intra-molecular charge transfer effect.  
Capitalizing on the charge trapping ability of azobenzene chromophores, efforts have 
been devoted to stabilize the inter-molecular charge transfer interaction and enhance 
the device performance. Bistable electrical conductivity switching and non-volatile 
memory effects have been demonstrated in the Al/PVK-AZO polymer/ITO structures 
constructed from two PVK-AZO polymers with pendant donor-trap-acceptor (D-T-A) 
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structures, namely, poly(3-(4-nitrophenyl)-diazenyl-9-vinylcarbazole-alt-9-vinylcarb- 
aole) (PVK-AZO-NO2), and poly(3-(3,4-dicyanophenyl)-diazenyl-9-vinylcarbazole- 
-alt-9-vinylcarbazole) (PVK-AZO-2CN). The incorporation of carbazole electron 
donor, azobenzene charge trap and nitro or cyano electron acceptor moieties in the 
pendant D-T-A structures provides large ON/OFF state current ratio in excess of 10
5
 
and enhanced stability under continuous operation for five hours in the PVK-AZO 
devices. The electrical bistability in these devices is attributed to the field-induced 
charge transfer complex formation in the D-T-A structured pendant groups (pull-push 
configuration) of the PVK-AZO polymers, and are found to be dependent on the 
electron-withdrawing ability of the terminal acceptor moieties. With a nitro moiety as 
the terminal electron acceptor, the Al/PVK-AZO-NO2/ITO device exhibits write-once 
read-many-times (WORM) memory behavior with a switching threshold voltage of 
-1.9 V and an ON/OFF state current ratio of ~10
5
. With two cyano moieties as the 
stronger terminal electron acceptors, the PVK-AZO-2CN sandwich structure exhibits 
WORM memory effect with a lower switching threshold voltage of -1.7 V and a 
higher ON/OFF state current ratio of ~10
6
. The possibility of trans-cis isomerization 
of azobenzene moieties being responsible for the electrical bistability is ruled out by 
the long-term non-volatile nature of the conductivity switching behavior which is 
unaffected by visible light illumination, as well as by the lack of any significant 
changes in optical absorption spectra of the material upon OFF-ON transition (unlike 
the reported photoisomerization of the azobenzene derivatives). 
Besides the design-cum-synthesis strategy that can provide the required electronic 
properties within a single macromolecule, the electronic properties of polymers can 
also be tuned by forming composites with other electroactive materials. 
Surface-functionalized carbon nanotubes were prepared via phase-transfer reaction of 
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carboxylate salts with alkyl halides for improved solubility in common organic 
solvents and improved compatibility with polymer matrix films. The performance of 
the bistable device based on PFPTPA was substantially enhanced when the 
electroactive polymer was mixed with carbon nanotubes. A lower switch-on voltage 
of -1.7 V and an enhanced ON/OFF state current ratio of 10
5
 were achieved in the 
Al/PFPTPA-1 wt% CNT/ITO structure. The enhancement of the device performance 
can be attributed to the reduced energy barrier for charge transfer from the CNTs to 
the polymer and the strong electron trapping ability of CNTs. Furthermore, through 
controlling the CNT content in the PVK-CNT composite film, electronic devices with 
a sandwich structure of Al/PVK-CNT/CNT are capable of exhibiting: (i) insulator 
behavior, (ii) bistable electrical switching behavior (WORM memory and rewritable 
memory effects) and (iii) conductor behavior. In addition to different switching 
behavior, device performance parameters, including conductivity, turn-on voltage and 
ON/OFF state current ratio, can also be tuned by varying the CNT content in the 
composite films. The controllable electrical properties and non-volatile electrical 
bistable switching effects in the composite films can be attributed to electron trapping 
in the carbon nanotubes of the electron donating/hole transporting PVK matrix. 
Finally, a solution-processable and electroactive complex of 
poly(N-vinylcarbazole)-derivatized graphene oxide (GO-PVK) was prepared with a 
solubility of 10 mg/mL in toluene and an energy band gap of 2.0 eV. Bistable 
electrical conductivity switching and non-volatile rewritable memory effect, with a 
turn-on voltage of about -2 V and an ON/OFF state current ratio in excess of 10
3
, are 
obtained in the Al/GO-PVK/ITO structure. The reversible bistable electrical transition 
of the GO-PVK bistable device can be ascribed to the field-induced charge transfer 
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In this work, a series of electroactive polymers and nanocomposites have been 
investigated for memory applications. The dependence of memory behavior on 
material structure has been emphasized to study the underlying switching and 
conduction mechanisms. Despite these efforts, there are still challenges facing 
polymer electronic memories, including the fabrication of polymer thin film devices 
with reproducible switching and transport properties, as well as validation of 
switching and conduction mechanism of the polymer-based materials. Future work 
can be recommended on three aspects:  
1. Development in material design and preparation methods. Novel polymer and 
nanocomposite materials, that can provide promising memory functions (DRAM, 
SRAM, FLASH and WORM memory effects) with competitive device performance 
(switching time, ON/OFF ratio, programming cycles, long-term stability and etc), 
should be developed. For example, based on charge transfer mechanism, both good 
electron donors and acceptors are required to achieve a high ON/OFF state current 
ratio. In this concern, carbazole and triphenylamine as well as 6FDA groups are 
promising donor and acceptor candidates, respectively. The non-conjugated structure 
of the imide groups also provides good device stability against oxidation degradation 
when subjecting to electric field. Because of the possibility of conformational 
ordering which may induce an additional conductivity switching behavior and thus 
increase the charge storage density per memory cell, carbazole moiety has its extra 
advantage over triphenylamine group. The degree of conformational freedom may be 
further increased if the carbazole are connected to the polymer backbone via the 
nitrogen atom. However, the highly non-planar structure of 6FDA groups, arising 
from the hexafluoroisopropyl groups, will hamper the field-induced region-regularity. 
Thus alternative imide functional groups with planar conformational should be 
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developed to replace the 6FDA backbone. Last but not the least, due to its charge 
trapping effect, azobenzene chromophore can be introduced between the electron 
donor and acceptor to stabilize the intra-molecular CT effect and further enhance the 
device stability under continuous operation condition. The chemical structures of 
polymer materials with potential promising memory effects are shown in Figure 9.1.  
 
Figure 9.1 Chemical structures of promising polymer materials for non-volatile 
memory applications. 
Chapter 9                                           Recommendations for Future Work 
165 
 
2. Refinement in correlating polymer structure to memory properties. Even though 
many theoretical models, such as the charge transfer effect, conformational change 
effect, filamentary conduction and etc, have been proposed to interpret the electrical 
conductivity switching behavior and memory effects of polymers and nanocomposites, 
the “real” electronic process inside the polymer-based materials remain to be 
ascertained. More experimental works, including electrical property measurements, 
spectroscopy and microscopy studies, should be carried out to validate the transport 
properties associated with electronic switching of the materials. 
3. Improvement in device fabrication and characterization techniques. Because of 
the existence of C=C double bond, conjugated polymers may undergo oxidation 
degradation which limits the device performance in an oxygen atmosphere. Device 
encapsulation can be adopted from inorganic semiconductor technology to enhance 
the performance of polymer memory devices. Polymer memory device can be further 
integrated into cross-point memory array and 3D stacked multilayer devices for high 
memory density applications. Si-based rectifying diodes can be introduced into 
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